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Resumen
La presente tesis se centra en la caracterizacio´n de las propiedades
meca´nicas de adenovirus humano mediante microscop´ıa de fuerzas
ato´micas en medio l´ıquido. El adenovirus es un virus comu´n formado
de una ca´pside proteica en forma de icosaedro sin envuelta lip´ıdica de
unos 95 nm de dia´metro, que presenta una leve patolog´ıa en indivi-
duos sanos pero un gran potencial en el campo de la biomedicina, bio y
nanotecnolog´ıa. En particular, se han estudiado los cambios en la mor-
folog´ıa, elasticidad, fragilidad y estabilidad meca´nica que se producen
en las ca´psides v´ıricas durante el ciclo viral. Se ha demostrado que el
proceso de maduracio´n del virus influye en sus propiedades meca´nicas
intentando entender los factores f´ısicos que juegan un papel en la in-
fectividad del virus por comparacio´n de la cepa salvaje madura del
virus con su inocuo estadio inmaduro.
La memoria se organiza en 6 cap´ıtulos. El cap´ıtulo 1 introduce
brevemente el adenovirus humano haciendo hincapie´ en su estructura,
y en su peculiar minicromosoma, as´ı como al proceso de maduracio´n
del virus que da claves para comprender su infectividad. El cap´ıtulo
termina con una breve motivacio´n de la tesis. En el cap´ıtulo 2 se
hace una breve descripcio´n de conceptos ba´sicos de la te´cnica prin-
cipal usada a lo largo de la tesis, la microscop´ıa de fuerzas ato´micas
(AFM, siglas en ingle´s). El cap´ıtulo 3 muestra los primeros pasos en
la caracterizacio´n por AFM de adenovirus mostrando la optimizacio´n
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de las condiciones de adsorcio´n, escaneo y obtencio´n de propiedades
meca´nicas. Los resultados muestran que la part´ıcula madura es ma´s
r´ıgida que la inmadura. En el cap´ıtulo 4 se hace un estudio del com-
portamiento frente a un estre´s meca´nico continuo, homo´logo a los
experimentos de fatiga macrosco´picos de ciencia de materiales, de los
estadios maduro e inmaduro de adenovirus. Ambas part´ıculas v´ıricas
muestran diferente propensio´n a la pe´rdida de pentones y diferentes
modos de desensamblaje de la ca´pside proteica exponiendo finalmente
su genoma al medio. Adema´s se hace un breve estudio de fatiga
meca´nica a diferentes fuerzas mostrando un comportamiento similar
a las curvas S-N de fatiga descritas en ciencia de materiales. Los
resultados previos del aumento de la rigidez de las part´ıculas v´ıricas
maduras dieron lugar a una pregunta sobre la posible presurizacio´n du-
rante la maduracio´n, que se aborda en el cap´ıtulo 5. La recuperacio´n
del fenotipo inmaduro por parte del virus maduro en presencia de
agentes condensadores de ADN junto con medidas de la rigidez del
minicromosoma y modelos teo´ricos demuestran dicha presurizacio´n,
y su origen debido a la distensio´n del cromosoma en la maduracio´n.
El cap´ıtulo 6 muestra los resultados obtenidos sobre la exposicio´n del
minicromosoma al exterior al inducir el desensamblaje de la ca´pside
proteica mediante la combinacio´n de microscop´ıa de fuerzas y fluores-
cencia. Por u´ltimo, se exponen las conclusiones generales de la tesis
presentada.
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Abstract
This thesis focuses on characterizing the mechanical properties of hu-
man adenovirus by atomic force microscopy in liquid medium. Ade-
novirus is a common non-enveloped virus formed by a proteic icosa-
hedral capsid of about 95 nm diameter. It presents a mild pathogeny
in healthy individuals but also a great potential in the fields of bio-
medicine, bio- and nanotechnology. In particular, we have studied the
changes in morphology, elasticity, brittleness and mechanical stability
that occur in viral capsids during the viral cycle. Here it is shown that
the process of maturation of the virus affects its mechanical proper-
ties and we tried to understand the physical factors that play a role in
virus infectivity by comparing mature wild-type virus with its harm-
less immature stage.
The manuscript is organized in six chapters. Chapter 1 briefly
introduces human adenovirus, emphasizing its structure and its pecu-
liar minichromosome, as well as the maturation of the virus that gives
clues to understand its infectivity. In chapter 2, we present a brief
description of basic concepts of the main technique used throughout
the thesis, atomic force microscopy (AFM). Chapter 3 shows the first
steps in the characterization of adenovirus by AFM, optimization of
experimental conditions and the first measurements of its mechanical
properties. The mature particle is stiffer than the immature one. In
chapter 4, we study the behavior of adenovirus mature and imma-
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ture particles under continuous mechanical stress experiments, simi-
lar to the macroscopic fatigue assays of materials science. Both viral
particles exhibit different propensity to lose pentons and disassembly
pathways of the capsid, finally exposing their genomes to the medium.
Furthermore, a brief study shows that by applying different forces in
mechanical fatigue assays, a behavior describable by S-N curves simi-
lar to those in materials science is observed. Chapter 5 addresses the
question about the possible pressurization during the maturation by
an increase in stiffness in the virus particles. The recovery of imma-
ture phenotype for the mature virus in presence of DNA-condensing
agents together with core stiffness measurements and theoretical mod-
els demonstrate such pressurization, that arises from the loosening of
the chromosome in the maturation. Chapter 6 describes the results
obtained on the exposition of the minichromosome induced by the
mechanical disassembly of the protein capsid by combining force and
fluorescence microscopy. Finally, the general conclusions of the thesis
are presented.
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Introduction
Biophysics is a cross-disciplinary science that uses foundations from
Physical Science to understand biological systems. Although this
name was first used in 1892 by Karl Pearson in his book “The Gram-
mar of Science”,1 the biophysics can be tracked back to antiquity,
when Heraclitus in the fifth century B.C. speculated on mechanistic
theories of processes and dynamics of life; or in the Renaissance, when
Leonardo da Vinci investigated the biomechanical description of bird
flight for engineering his models.2 But it was not until the 20th cen-
tury, when biophysics underwent a strong growth accompanied with
technological and theory developments. At present, biophysics is a
wide range science that encompasses from biomolecular problems at
the sub-nanoscale to environmental issues at the mesoscale.
Viruses (from Latin toxin or poison) are bioparticles in the nano to
micrometer range3,4 within the biophysics scope, with a simple struc-
ture of proteins and nucleic acids that reproduce at the expense of
hijacking metabolic machinery from cells. The Tobacco Mosaic Virus
(TMV), first named as filterable agent of the tobacco mosaic disease,
was the first described pathogen of this type, by Dimitri Ivanovsky
at the end of the nineteenth century.5 From that moment on, and
with the development of new techniques such as electron microscopy
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(EM) or X-ray crystallography, numerous viruses of different size and
morphology have been discovered. It is speculated nowadays that mil-
lions of different virus types exist,6 making them the most abundant
entities on the planet and second in biomass after prokaryotes.7
Essentially, viruses infect host cells, replicate, package their genome
and exit to find new target cells. Viruses have evolved to face and with-
stand different extreme environments along this cycle, forcing them to
have a versatile structure to protect their inner cargo and successfully
release it at the appropriate time and place. Their metastable struc-
ture and its dynamics make them interesting not only for their role
as infectious pathogens but also as molecular containers with poten-
tial applications in materials science and medicine.8 A better compre-
hension of their physical properties (stiffness, surface charge density),
structure (protein units, genome organization) and functionality (as-
sembly, infection pathway) are essential for the development of these
new strategies.
The increasing interest in virus applications in biomedicine, bio
and nanotechnology, together with the development of physics-based
techniques such as cryo-electron microscopy (cryo-EM), X-ray crys-
tallography, optical tweezers and atomic force microscopy (AFM),
have given rise to physics-oriented studies known as Physical Virol-
ogy. Physical virology not only encompasses experimental approaches,
but also theoretical models to understand the physical basis that gov-
ern virus structure and dynamics. This basic science is one of the
milestones on the road leading the fight against viral disease and the
development of functional viral nanoparticles for their use in nanotech-
nology and medicine.9,10
It is important to bear in mind that viruses are subjected to in-
ternal and external forces along their cycle.11 Forces may act as an
environmental selective factor for evolution, selecting the viruses that
withstand stress factors encountered along their way to a new target,
and are able to release their genetic material in the host cell. This
thesis tries to do its bit in physical virology for understanding the in-
fluence of the minichromosome organization in the mechanical proper-
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ties and disassembly of human adenovirus in physiological conditions
that permit its successful functionality.
1.1 Adenovirus
Adenoviruses (AdVs) form the Adenoviridae family. They were first
isolated in 1953 from adenoid human tissue.12 They are present in
most vertebrates and are classified in different genera:13
• Mastadenovirus is the largest genus; it contains the human ade-
noviruses (HAdVs).
• Atadenovirus with a broad range of host (ruminant, avian, mar-
supial and reptilian).
• Siadenovirus, isolated from birds and a frog.
• Aviadenovirus, infecting birds.
• Ichtadenovirus, with only one confirmed member found in fish.
Most common serotypes of human adenovirus produce eye, gut and
respiratory infections which are not clinically relevant for healthy indi-
viduals but can be severe for immunocompromised patients.14 There-
fore the development of anti-adenoviral drugs is necessary at least for
the susceptible human population. On the other hand, adenovirus is a
potential candidate vector for gene therapy, although at the moment
with very low success.15
1.1.1 Adenovirus structure
Viruses present different shapes, there are viruses enveloped by a lipid
bilayer as Influenza virus, also containing a conical capsid as the hu-
man immunodeficiency virus (HIV), tubular protean structures as the
7
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TMV, prolated head with tail as the bacteriophage φ29 or icosahedral
shape as adenovirus, among a wide variety of conformation features.
Adenovirus main structure is its icosahedral protein shell with fibers
projecting from the vertices which encloses a minichromosome that
does not follow the icosahedral symmetry.16 They are non-enveloped
(without a lipid bilayer) double-stranded DNA viruses with an icosa-
hedral complex protein capsid of a large size (∼95 nm from vertex to
vertex) and triangulation number pseudoT=25.17–19 The most char-
acterize adenovirus are the infectious HAdV type 2 and 5 (HAdV-C2
and HAdV-C5, respectively).18 These particles have a mass of approx-
imately of 150 ·106 Daltons. The particular viral genome is associated
with proteins, all together denominated core.
At the moment, adenovirus is the largest complex resolved at high
resolution (∼ 3.5 A˚) by two different techniques: cryo-EM and X-ray
crystallography.20,21
1.1.1.1 Major coat proteins
Adenovirus presents a complex protein composition compared to smaller
and simpler viruses such as the Minute Virus of Mice (MVM) or Cow-
pea Chlorotic Mottle Virus (CCMV). The capsid is made of building
blocks termed capsomers. These capsomers, depending on their sit-
uation in the capsid, are denominated pentons (at the vertexes) and
hexons (for the rest), which are surrounded by 5 or 6 neighboring cap-
somers, respectively. In the special case of adenovirus, these subunits
are not chemically identical, but they are composed by the major coat
proteins (figure 1.1 (a)).19
Adenovirus proteins are named with roman numbers in order of
decreasing molecular weight. The hexon, the main building block of
the capsid, is composed by trimers, and not hexamers, of polypeptide
II. It is a trimeric capsomer with very clear three towers at the outer
part of the capsid, and a pseudo 6-fold hexagonal base.22 There are
12 hexon trimers at each of the 20 facets of the icosahedral structure,
totaling 240 hexon trimers in the capsid (total 720 monomers).
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Pentons are situated at the 12 vertices of the icosahedral structure,
and are composed by the penton base and the protruding fibers. The
penton base is formed of five copies of polypeptide III.23 Three copies
of the fiber protein IV are assembled forming the ∼37 nm long fiber.24
The trimeric N-terminal tail of the fiber attaches non-covalently to the
pentameric penton base. The rest of the architecture of the fiber is a
flexible shaft and the C-terminal a globular knob, responsible of target
cell recognition.
Upon mild dissociation conditions, stable structures of 9 hexons
tiles are generated.25 They are termed groups of nine (GONs) and
are composed of the hexons of the central plate of the facet. The 5
peripentonal hexons (hexons surrounding the penton) together with
the penton, form the group of six (GOS).20,26
1.1.1.2 Minor coat proteins
The location of minor coat proteins is still a subject of debate. In
general, their functionality is as cementing proteins, stabilizing the
capsid structure (figure 1.1 (a), right panel). On the outer part of
the capsid, polypeptide IX is forming a mesh reinforcing interactions
between hexons. They are present within hexons of the GON, thereby
stabilizing the observed tile.19,20
Polypeptides situated in the inner side of the capsid are IIIa, VI
and VIII. There are five monomers of IIIa arranged in a ring under-
neath each vertex. IIIa is the responsible for gluing the GOS tile,
connecting the penton and peripentonal hexons. Polypeptide VIII is
the less characterized minor coat protein. It appears interacting with
IIIa and the hexon base at the periphery of the GOS, binding the
GOS and the surrounding GONs. VIII is also located at the GONs
helping their stabilization together with IX. Polypeptide VI is a mul-
tifunctional protein that plays an important role in virus entry, trans-
porting hexons for new particles assembly and acting as cofactor of
the adenoviral protease for maturation. This protein is located in the
inner cavity of hexons and also underneath pentons.19–21,27
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a
b
Figure 1.1: Overall adenovirus structure and components. (a)
Icosahedral model built form a low resolution cryo-EM map, with pen-
ton base and fibers (modeled from crystal structures) highlighted in
yellow and blue, respectively (left panel). The shaded triangle indi-
cates one facet. The schematics show the distribution of capsid pro-
teins according to the cryo-EM high resolution structure.20 (b) Non-
icosahedral components. A segment has been removed from the cryo-
EM map to show the inner capsid contents. The schematics on the
right hand side indicate tentative positions, as little is known about
the structure and organization in the virion of the genome and accom-
panying proteins. Adapted from review San Mart´ın, 2012.19
10
1.1 Adenovirus
1.1.1.3 Core
The adenovirus genome is a linear double-strand DNA molecule of
∼35 kilobase pairs (for HAdV type 5) that is tightly packed inside
the capsid. A peculiarity of adenovirus is that the viral genome is
wrapped and condensed by viral proteins (figure 1.1 (b)).28 The core
proteins are V, VII and X (also known as µ). Two copies of the
terminal proteins (TP) and a few of the viral protease (AVP) are also
bound to the genome. Little is known about core organization within
the particle since it does not follow icosahedral symmetry and it can
not be reconstructed from cryo-EM or X-ray crystallography. The set
of ∼500-800, ∼150 and ∼100-300 copies of polypeptides VII, V and
µ, respectively, contributes in 25 MDa to the total 150 MDa virus
mass.29–31 AVP is the only core protein that has been solved by X-ray
crystallography.18
Polypeptide VII is a histone-like protein, rich in arginine amino
acid that confers positive charge. VII is responsible for wrapping and
condensing the viral DNA.32 The association of VII with the viral
genome generates a complex similar to the nucleosomes of cells, termed
adenosome, with a 10 nm beaded-like structure.28,31,33 It is thought
that polypeptide V bridges the genome and the capsid by interacting
with IIIa and VI, but it does not contribute to genome condensation.
On the other hand, polypeptide µ is a small protein that may also
play a condensation role.28,33
The naked adenovirus genome is ∼11.9 µm in length, while associ-
ated to the condensing protein VII it reduces to ∼2 µm, ∼6 times
smaller.32 The adenosomes are not equally spaced, presenting dis-
tances between 10-130 nm.33 They behave as soft repulsive particles
within the crowded space of the packaged core.31 Not many viruses
with proteins associated to DNA are known. For example, the Simian
Virus 40 (SV40) genome is condensed by histones of the host cell nu-
cleus.34
Other genome bound polypeptides that do not play a condensing
role are protein IVa2, found only at one vertex,35 and several copies of
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L1 52/55k36 that together may trigger and guide genome packaging.
L1 52/55k is removed from the particle by proteolysis.37
1.1.2 Adenovirus infection pathway
Unlike bacteriophages or herpesvirus, adenovirus does not eject its
genome into the target cell nucleus leaving the intact capsid behind.
Adenovirus is internalized in the cell and undergoes a stepwise dis-
assembly for infection (figure 1.2).38 Successful genome uncoating is
as significant as genome protection during transmission between host
cells. Viruses have optimized their structure to accomplish these two
antagonist functions of the viral shell: protection and releasing. Evo-
lution has precisely programmed a complex protein shell that disman-
tles with accuracy at the exact moment triggered by specific external
signals.
Adenovirus uncoating starts at the plasma membrane of the target
cell. The virus binds with its fiber knob to mobile receptor molecules
(CAR – coxsackievirus and adenovirus receptor).40,41 As the fiber
is flexible, it allows the RGD motif (arginine-glycine-asparagine) of
penton base to interact with integrins (αvβ5) and inducing a confor-
mational change.42,43 The combined mechanical interactions result in
fiber shedding, and presumably also penton release.40 The internal vi-
ral protein VI is exposed, forming small pores in the plasma membrane
that trigger a membrane repair process which leads to the uptake of
the virus in endosomes.44 The virus is engulfed by the membrane and
internalized in endosomes. The membrane lytic function of protein VI
induces rupture of the endosomal membrane allowing the virus escape,
independently of pH decrease (acid).44–47
The partially disrupted virus particle is transported along micro-
tubules by motor-proteins to the nuclear pore complex where it docks
(figure 1.2).38,48,49 At the nuclear pore complex, the genome is re-
leased by mechanical forces arising from the antagonistic action of
kinesin motor-proteins against the holding force of the nuclear pore
complex where the virus is attached.50 The genome is inserted in the
12
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Figure 1.2: Adenovirus infection pathway. Adenovirus binds the
cell receptor via the fiber protein. Interaction of the penton base with
an integrin receptor leads to internalization by endocytosis. Thanks
to protein VI exposition, the virus is able to escape form the endo-
some. The capsid is transported in the cytoplasm along microtubules
and docks onto the nuclear pore complex where the genome is translo-
cated into the nucleus. Scheme adapted from the book “Principles of
Virology”.39
13
1. Introduction
nucleus, replicated and transcribed. New viral proteins are produced
in the cytoplasm and transported to the nucleus where new particles
assemble.39 The last step in AdV assembly consists in a proteolytic
processing of some of the proteins forming the capsid and core by the
viral protease.51
1.1.3 Adenovirus maturation
Double stranded DNA viruses, such as herpesvirus and bacteriophages,
undergo expansion and drastic structural changes induced by a viral
protease accompanied by genome packaging, preparing them to be ac-
tively infectious.52,53 Adenovirus also suffers a maturation that primes
it to be an infective particle.18
Adenovirus does not experience massive conformational rearrange-
ments during maturation26,54. The viral protease cleaves precursors of
the internal minor coat and some of the core proteins: IIIa, VI, VII,
VIII, µ, L1 52/55k and the terminal protein.18 The precursor proteins
are termed with a “p” in front of the polypeptide name, i. e. the pre-
cursor of VI is pVI, and so on for the rest. A HAdV-C2 mutant called
ts1 does not undergo the proteolytic cleavages and is stalled at the
immature state. Structural cryo-EM analyses comparing the wild-type
mature virus and the immature ts1, showed differences concerning the
inner side of the capsid, and in the viral core.26,54
One of the inner side capsid changes is an extra interaction be-
tween pIIIa and pVIII located between peripentonal hexons and those
in the central plate of the icosahedral structure. This interaction may
help to stabilize the peripentonal hexons.26 The other reported change
corresponds to a more uniform occupancy or ordering of pVI within
the hexon cavity that may hinder its release during entry.26,54 The
most striking difference observed was related to the core. The Aden-
ovirus core looses upon maturation, indicating that pVII and pµ have
a stronger dsDNA condensing activity than their mature versions.
Maturation is essential to produce a metastable particle that pro-
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tects the genome from aggressive conditions while permitting its cor-
rect delivery in new host cells. It has been proved that the ts1 mutant
is not able to infect the cells. This defect in infectivity is linked to
a defect in uncoating. Immature ts1 attaches to the host cell and
follows the same internalization process as the wild-type (wt) virus
but is not able to escape the endosome and is recycled or degraded
in lysosomes.55,56 The loss of infectivity might be related to the defi-
ciency of penton release, or the incorrect deployment of polypeptide
VI, or also to the excessive compaction of the genome.26,27,57 Bulk
techniques have proved that the immature ts1 adenovirus is chemical
and thermally more stable than the wt particle.26,57
1.2 Thesis motivation
Human adenovirus is a widely studied candidate for nanotechnology
development in medicine and materials fields. One of its most powerful
purposes is its potential as a vector for gene therapy.15 Viruses have
evolved reaching a very accurate and complex design to perpetuate
their existence. Small changes in their encoding or configuration would
lead to extinction or to more virulent particles. For example, a single
amino acid mutation in a protein of the capsid structure,58 or changes
in DNA length in phages or adenovirus,59,60 affect their structural
stability, functionality and infectivity. A better comprehension of their
composition, structure and dynamics, is a pillar for future studies in
biotechnology engineering.
Bulk techniques are crucial in understanding virus behavior. From
the last quarter of the last century, new techniques have been suc-
cessful to study small samples such as viruses at single particle or
molecule level, contributing to enlarge this knowledge. Some of these
single particle techniques are made possible by the use of the family of
scanning probe microscopes. This field started with the first images
of a metal coated φ29 capsid taken with a scanning tunneling micro-
scope in 1985.61 Much has happened since then: nowadays viruses can
15
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be manipulated with high precision in physiological conditions with
atomic force microscopy (AFM), unveiling properties of viruses which
allow to determine different physical factors that may affect in their
functionality.
In particular, AFM studies have shown that the viral genome may
affect the stability of the capsid. The presence of DNA inside of the
capsid of MVM reinforces anisotropically the icosahedral structure.62
Protein engineering experiments have shown that this reinforcement is
mediated by DNA-protein interactions.58,63 The packed genome inside
the λ bacteriophage capsid doubles its rigidity.64 It has been proved
that this effect emerges due to an electrostatic repulsion between DNA
strands in the case of φ29.65 On the contrary, the herpes virus capsid
does not seem to be affected by genome presence.66 At the beginning
of this thesis there were no physical studies on viruses with a genome
associated with condensing proteins, such as adenovirus.
The thesis presented here arises as a collaboration between the
group of Dr. Pedro Jose´ de Pablo of Universidad Auto´noma de Madrid
and Dr. Carmen San Mart´ın of Centro Nacional de Biotecnolog´ıa to
determine the modulation of the mechanical properties of human ade-
novirus along the assembly/maturation and its relation with the infec-
tivity. To fulfill this purpose, three different particles have been stud-
ied: mature HAdV-C5 wild-type virus (infectious), immature HAdV-
C2 ts1 (non-infectious, provided by Dr. S. Jane Flint of Princeton
University), and empty capsids FC31-L3.36 We proceeded by charac-
terizing them with different methodologies based on AFM: probing
the mechanical properties of capsids and confined cores, inducing a
controlled mechanical fatigue disassembly, and detecting mechanically
induced genome release with fluorescence microscopy.
16
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Basic Atomic Force Microscopy
methodology
Microscopy is a technical field that uses instruments denominated mi-
croscopes to resolve small specimens that cannot be seen with naked
eye. A probe is necessary to detect the specimen. For example, op-
tical microscopy and electron microscopy use photons and electrons
to solve the samples, respectively. Scanning probe microscopy (SPM)
uses a sharp physical stylus as probe that scans closely the surface of
the sample. The first microscope of this kind was the scanning tun-
neling microscope (STM)67 that caused the award of the Nobel Prize
for Physics to Binnig and Rohrer, along Ruska (EM inventor) in 1986.
This microscope works by exchanging electrons by tunneling between
a sharp metallic tip and a conductive sample.68 The STM marked a
new era in microscopy that resulted in the broad SPM family.
2.1 Atomic Force Microscopy
Based on the STM principles, Binnig, Quate and Gerber invented
the atomic force microscope (AFM) in 1986.69 In AFM, a sharp tip
17
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situated at the end of a cantilever acts as a probe. By approaching
the tip and scanning the sample surface, which in the setup we used
is placed on a piezoelectric tube, the cantilever deflects depending on
the attractive or repulsive interactions between the tip and the sample.
A feedback algorithm acts on the piezoelectric and controls the tip-
surface distance. Thus, a topography map of the sample is obtained
from the surface scan.
Figure 2.1: Main compo-
nents of the AFM. The com-
puter controls the piezoelectric
tube deformation through the
electronic control unit to ad-
just the tip-sample distance by
measuring the deflection of the
cantilever with the photodiode.
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One of the most common methodologies to detect the deflection of
the cantilever is the beam deflection (figure 2.1).70 A laser beam is fo-
cused on the reflective back side of the free end of the cantilever, that
mirrors the beam to a photodiode. The sectioned photodiode trans-
lates the reflected laser spot into a normal (Fn=A+B−(C+D)) and a
lateral (Fl=A+C−(B+D)) force signals that correspond to the bend-
ing and the torsion of the lever, respectively. An electronic control
unit receives these analogical signals that are sent to a digital signal
processor (DSP) that translate them into digital data. The DSP man-
ages the data and computes new parameters according to the set point
introduced by the user through a computer. Analogical data are sent
back to the electronic control unit, to modify the piezoelectric tube
voltages and adjust tip-sample distance and lateral position. These
voltage corrections computed by the DSP construct the topograph-
ical image. In this thesis, we have used a Nanotec Electo´nica S.L.
microscope which is controlled by WSxM software.71
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2.1.1 Cantilevers
Cantilevers are an important tool in AFM. The material and the shape
determine the rigidity of cantilevers.72 Usually, cantilevers are made
of silicon or silicon nitride and have a metal coating on the back side
for reflection. Cantilevers present different shapes (rectangular or V-
shaped) and sizes that range between tens to hundreds of micrometers
in length, tens of microns in width and from tenths to a few microm-
eters in thickness. Depending on the sample and the imaging mode,
we will choose a cantilever with a specific shape and stiffness. For
example, Dynamic Modes usually require stiff cantilevers, while a soft
one is generally used for biological samples.
In general, manufacturers provide a nominal spring constant kc
(stiffness) for each cantilever but it is recommended to calibrate them.
Among the available methods for calibrating cantilevers,73 we used the
one proposed by Sader et al.74 This method obtains the stiffness of
the cantilever kc from its dimensions (L and b, the length and width of
the cantilever, respectively), its fundamental resonance frequency ω0,
the quality factor Q, the fluid density ρ and the imaginary component
of the hydrodynamic function Γi:74
kc = 0.1906 · ρ · b2 · L ·Q · Γi(ω0) · ω20 (2.1)
For the experiments presented in this thesis, we have used RC800PSA
cantilevers (Olympus, Tokyo, Japan) that are rectangular silicon ni-
tride cantilevers with nominal spring constant 0.05 N/m for chapters
3, 4 and 5, and 0.39 N/m for chapter 6.
The force (F) applied to deform a cantilever a distance ∆z follows
Hooke’s law F = kc ·∆z. This elastic response allows converting the
voltage detected by the photodiode to force units (nN) as follows:
F (nN) = kc
(
nN
nm
)
· deflection(V ) · sensitivity
(
nm
V
)
(2.2)
with sensitivity, the photodiode response (V) to the deformation of
the cantilever induced by the movement ∆z (nm) of the piezoelectric
tube, previously calibrated with a grid sample of known dimensions.
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2.1.2 Interactions between the tip and the surface
Atomic force microscopes are very versatile, since they can operate in
vacuum, ambient or liquid conditions. The interactions between the
AFM tip and the sample surface depend on the working medium, and
the tip and sample nature. All the experiments in this thesis were
conducted in liquids.75,76 Generally, the tip-sample interaction can
be described with an inter-molecular Lennard-Jones potential (figure
2.2)77
w(r) = 4ε
[(
σ
r
)12
−
(
σ
r
)6]
(2.3)
with ε the potential well, σ the distance at which the inter-particle
potential is zero and r the distance between the particles. This poten-
tial is the result of attractive and repulsive interactions.78 Repulsive
forces prevail below the equilibrium distance req, where the net force
is null; for distances above req, attractive forces become predominant.
Figure 2.2: Lennard-Jones
interaction potential. Inter-
molecular interaction potential
w(r) (equation 2.3) as a function
of distance r (black line), that
is an addition of attractive (blue
line) and repulsive interactions
(red line). The tip and the sam-
ple enter in contact at the equi-
librium distance req, where the
force is null.
w(r)
r
 Lennard-Jones potential
 atractive interactions
 repulsive interactions
req
ε
σ
The forces measured in AFM are ultimately of electromagnetic
and quantum-mechanical origins. In the absence of external fields,
the main forces at the nano-scale level for different mediums are:77,79
• Vacuum conditions.
– van der Waals force. It is a long-range attractive force,
with a range of 10 to 15 nm. This force is present in all
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mediums and varies with the chemical composition of the
tip and sample. van der Waals force arises from interac-
tions between permanent or induced dipoles of atoms and
molecules. Its contribution can be minimized by using very
sharp tips to sense forces affecting a few frontmost atoms
of the tip.80
– Coulomb electrostatic force. These attractive or repulsive
long-range forces are cause by the presence of electrostatic
charges in the tip and/or sample.
– Chemical interaction force. These short-range (subnanome-
ter) forces are responsible for molecular and atomic bond-
ing.
– Contact force. They are short-range repulsive forces be-
tween atoms and molecules that arise from Pauli exclusion
principle and ionic repulsion. These contact forces deform
particles by displacing their atoms and molecules. There
are models that describe these deformations, e. g., Hertz
model.
• Ambient condition. In this media, all the forces described for
the vacuum condition are present, but an extra attractive force
arises in AFM:
– Capillary force. In ambient conditions, a thin film of wa-
ter condensates on hydrophilic surfaces. A meniscus forms
when the tip is brought close to the surface, increasing the
tip-sample adhesion.
• Liquid condition. In this medium, the capillary force disap-
pears because the tip is totally surrounded by water molecules,
but the chemical and the contact forces remain the same. The
van der Waals attraction range is screened by one order of mag-
nitude (1-2 nm),77,80 and the electrostatic force range depends on
the nature and concentration of electrolytes in solution. These
two forces are described by the DLVO theory. Moreover, an ex-
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tra force arises when working at the nanoscale level in aqueous
medium due to water molecules themselves.
– Hydration force. Solvation or structural forces (when the
medium is water – hydration forces) are short-ranged re-
pulsive (∼ 0.07 nN) interactions that decay exponentially
with a range of 2-5 nm. Usually, the repulsion is attributed
to the removal of ordered water molecules from the sur-
faces.81–83
– DLVO force. It is a theory termed after Boris Derjaguin
and Lev Landau, Evert Verwey and Theodoor Overbeek.
It describes the forces between charged surfaces interacting
in liquid, combining the screened van der Waals attrac-
tion and the electrostatic double Debye layer contribution
(EDDL). The EDDL contribution describes the interaction
between two charged surfaces surrounded by the electric
double layer, which is formed by counterions and coions
of the electrolyte solution. The double layer screens the
surface charges and decays exponentially in a range set by
the Debye screening length λD. This length depends only
on the charge zi and concentrations ci of the electrolyte
specimens (i):77,82
λD =
(
ε0εKBT
e2NA
)1/2
·
(
1∑
i ciz
2
i
)1/2
(2.4)
with ε0 the vacuum permittivity (8.85 · 10−12 F/m), ε the
dimensionless permittivity of the medium (for water ∼80),
KB the Boltzmann constant (1.38 · 10−23 J/K), T the ab-
solute temperature (in Kelvin – K), e the electron charge
(1.60 · 10−19 C) and NA the Avogadro constant (6.022 · 1023
mol−1). Generally, when the surfaces are brought together,
their double layers overlap and a repulsive interaction ap-
pears.84
22
2.1 Atomic Force Microscopy
2.1.3 Resolution in AFM imaging
All microscopy techniques aim to attain their resolution limit. In con-
ventional optical microscopy, diffraction limits resolution to the level
of few a tenths of microns, as stipulated by Ernst Abbe. However
in 2014, Eric Betzig, William Moerner and Stefan Hell were awarded
the Nobel Prize in Chemistry “for the development of super-resolved
fluorescence microscopy”, that it is based on the combination of stim-
ulated emission depletion (STED) microscopy and single-molecule mi-
croscopy, reaching the nanometer level of resolution. On the other
hand, electron microscopy and scanning probe techniques feature the
highest spatial resolution, approaching the molecular and atomic lev-
els.
AFM tip
particle
AFM tip
Rtip h
l
objects
a b
Figure 2.3: Tip dilation and AFM lateral resolution. (a) Illus-
tration of object dilation with an AFM tip. The lateral size of objects
appears larger due to the AFM tip physical dimensions. The red line
represents the AFM acquired data. (b) Scheme of AFM resolution of
two point particles. Lateral resolution is strongly conditioned by the
tip size. Adapted from the thesis of Dr. Fuentes-Pe´rez and the work
of Mart´ınez et al.85,86
In AFM the resolution, apart from the instrumental factors, is
mainly limited by the cantilever and its tip. The physical size of the
tip limits the spatial resolution.72 Lateral resolution l between two
sharp features imaged by a parabolic tip with end radius Rtip is (figure
2.3 (b))86
l =
√
2Rtip
(√
δz +
√
δz + ∆h
)
(2.5)
where δz is the vertical resolution and ∆h is the height difference
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existing between the adjacent features. Thus, the lateral resolution in
AFM improves with sharp tips.
Moreover, objects probed by the AFM appear dilated, i. e. ob-
jects show an apparent lateral expansion (figure 2.3 (a)). There are
algorithms that correct this dilation,87 although it would be neces-
sary to know exactly the tip radius and shape, which may vary along
the measurement due to tip contamination creating artifacts in the
topographical data. This effect does not affect lateral resolution.
On the other hand, AFM reaches very high vertical resolution. It
is conditioned by the noise of the system detection δzdetection and the
thermal noise of the cantilever δzthermal:85
δz =
√
δz2detection + δz2thermal (2.6)
Thermal noise greatly affects the vertical resolution, and depends on
the cantilever properties.72 The amplitude of oscillation of a cantilever
due to thermal noise depends on its spring constant kc:88
δzthermal =
√
4kBT
3kc
(2.7)
with kB the Boltzmann constant and T the absolute temperature.
Vertical resolution depends also on the cantilever rigidity. Most of the
cantilevers used in this thesis, the Olympus RC800PSA with nominal
spring constant of 0.05 N/m, reach a vertical spatial resolution at room
temperature of ∼0.3 nm.
It is worth mentioning that the medium may also contribute to
the resolution, although with lower influence than thermal noise. For
example, the Debye screening length (equation 2.4) can be modulated
by tuning electrolyte concentration in liquid conditions, diminishing
the repulsive electrostatic forces for samples with surface charge den-
sity,77,81 and improving slightly the topographical resolution.89
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2.1.4 Imaging modes in AFM
Atomic force microscopes measure with high accuracy the deflection
of the cantilever due to interactions between the tip and the sam-
ple. The ability to measure these interactions open a wide range of
possibilities to operate the AFM, not only visualizing the topography
of the sample surface but also allowing to study the interaction tip-
sample interaction. In this section, we report a brief description of a
few AFM operation modes, emphasizing the mode most used in this
thesis: Jumping Mode Plus.90,91
2.1.4.1 Contact Mode (CM)
It is the most basic and first developed AFM mode.69 In CM, the
AFM operates at a constant tip-sample distance80 or most commonly,
at constant normal force.69 In this mode, the AFM tip is brought into
contact with the surface until the photodiode registers a pre-set normal
force for the cantilever, that can be approximated to the Hooke’s law
Fn = kc ·∆z. Then, the tip scans the substrate to obtain a topographic
map (figure 2.4). The feedback algorithm compares the photodiode
signal Fn with a set point reference to adjust the vertical position of the
sample to fulfill the constant force condition. The Z voltage that sets
the piezoelectric position at each point corresponds to a topographic
point. Since the piezoelectric tube is previously calibrated with a grid
sample of known dimensions, the voltages are converted into lengths
and the topographic map is obtained.
CM can be operated at any interaction regime, but it is common
to operate at the short repulsive force range where the tip and sample
are in total contact. When the AFM tip is in contact, it does not
only exert normal forces on the sample, but also lateral forces due to
the torsion of the cantilever during scanning.92 Then, samples suffer
high and uncontrolled lateral forces, up to tens of nN.93,94 Soft sam-
ples may deform irreversibly while scanning in CM, making this mode
the less convenient for probing biological samples and especially iso-
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lated viruses. Nevertheless, 2D crystals of biological material in aque-
ous solutions, such as purple membrane or φ29 head-tail connector,
were imaged at high resolution with CM,95–97 because these specimens
do not present abrupt topographical changes and are surrounded by
neighboring particles that protect them form being swept away.
2.1.4.2 Dynamic Modes
The Dynamic AFM operation Modes arose to minimize the uncon-
trolled lateral forces induced by CM98 in addition to the blunting of
the tip. In this operation mode, the cantilever is oscillated close to
or at its resonance frequency (figure 2.4).79 The oscillating amplitude
decreases when the tip is approached to the sample, because the res-
onance frequency changes with the tip-sample interaction force and
dissipation F ts. The complex movement that the cantilever describes,
can be simplified by the motion equation of the “point mass spring”
model, where the cantilever-tip is described as a point-mass spring
that moves in only one direction (z) and behaves as a driven and
damped harmonic oscillator.99,100 The nonlinear, second-order differ-
ential equation that describes the oscillation is:
m
d2z
dt2
+ γ dz
dt
+ kcz = Fts + F0cos(ωt)
The first and third elements of the left-hand side of the equation de-
scribe the harmonic oscillator of mass m and the force constant kc.
The second element of the left-hand side corresponds to the damping
where γ is the damping coefficient that depends on the fluid viscosity.
The first element of the right-hand side of the equation represents the
interaction forces between the tip and the sample F ts, and the sec-
ond is the driven oscillation with a external excitation force F 0 and
frequency ω.
Amplitude Modulation (AM) and the Frequency Modulation (FM)
are the most common dynamic modes. AM is the most basic Dy-
namic Mode, in which the cantilever is excited at its isolated reso-
nance frequency. Changes in the oscillating amplitude determine the
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Figure 2.4: Schematics illustrating the different AFM imag-
ing modes. In Contact Mode (CM), the tip sweeps the surface with-
out loosing contact, applying a constant force. In the Dynamic Modes,
the cantilever oscillates at or near to resonance. In Jumping Mode
(JM), the tip periodically jumps on the surface, approaching the sur-
face (1) until reaches a maximum force. Then it withdraws (2) and
at the farthest point from the surface moves sideways (3) to the next
point. Jumping Mode is the most used imaging mode in this thesis.
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tip-sample distance. The feedback algorithm compares the photodi-
ode signal with the set point reference to adjust the vertical position of
the sample, so that the constant amplitude condition is fulfilled. This
process yields to topographic maps. On the other hand, in Frequency
Modulation (FM), the oscillating amplitude is kept constant and the
topographic maps are obtained from the variations in the resonance
frequency.79 AM has been used to study adenovirus disruption with
AFM in combination with fluorescence microscopy in chapter 6.
2.1.4.3 Jumping Mode (JM)
Jumping Mode (JM)101 combines features of Contact and Dynamic
Modes, and is similar to pulsed force microscopy.102 This mode works
by performing a quick (tens of ms) force vs. distance curve (FZ) at
each point of the scanned area, moving the tip laterally while at the
farthest tip-sample distance, when it is out of contact, avoiding most
of the lateral forces (figure 2.4). To reduce piezoelectric resonances,
the FZ is performed using a sinusoidal voltage signal that is applied to
the Z piezoelectric. In addition to the topography image, JM provides
relevant information about other magnitudes such as adhesion103,104
and stiffness of the sample at the nanometer scale. JM is particularly
suitable for scanning in liquids, where the low adhesion forces allow
using small Z displacements at each point.
Interpretation of the topography images taken in JM is simpler
than in the case of Dynamic Modes. In this mode the feedback pa-
rameter is the cantilever deflection, as in the case of Contact Mode.
An important additional advantage with respect to CM is that the zero
force level can be reset at each image point to the value at the max-
imum tip-sample distance, thus preventing the typical normal force
drift observed in Contact Mode experiments.
Jumping Mode operation encompasses the following steps (figure
2.5 (a)): at time t1 the cantilever tip is at position x1, z1 moving to
the right. The sequence describes a conventional jumping cycle on
the s type region (uphill): in figure 2.5 (a,i), the tip is lifted (1), and
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Figure 2.5: Jumping Mode (JM) and Jumping Mode Plus
(JM+). (a) Scheme of standard JM. In uphill topographies (S re-
gion), the tip indents (i,3) exerting an extra force (ii,3) that may dam-
age samples, but a feedback loop corrects the tip position (i and ii,4).
(b) JM+ solves this problem by checking the force throughout the
jump cycle.
then moves parallel to the sample surface (2). Afterwards (3), the
tip approaches the sample by the same distance it had been lifted
in (1). The feedback is switched on (4), adjusting the tip height to
accomplish the set point force and acquiring the topography data. The
tip is detached from the surface (5) and a new cycle begins. Figure
2.5 (a,ii) depicts the tip-sample lateral (lower) and vertical (middle)
positions as a function of the time of the steps explained above. The
upper line represents the cantilever deflection (FN). At the end of tip
movement (3), a clear peak in cantilever deflection (force) is produced
as a consequence of the Z piezo approach in the uphill S region.
These peaks or residual forces in JM can be very harmful when
scanning samples which present a steep uphill, such as viruses. The
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tip vertical excursion is overestimated and the sample is over-indented,
resulting in an additional force that can damage delicate samples. In
fact, when we proceeded to characterize human adenovirus with AFM,
we observed that viral particles were disrupted in few scans (section
3.2.3.2).
Figure 2.6: Cycle of Jumping Mode (JM) and Jumping Mode
Plus (JM+). (a) JM cycle in liquids where the dragging force effect
is clearly observed. (b) Cartoon of the JM cycle shows the set point
level (thin horizontal line) and the feedback point (filled circle). The
empty circle marks the Z turning point if the dragging force is not
removed. (c) JM cycle with the new algorithm filters in normal force.
(d) When the dragging force is removed, there is no intermediate Z
turning point until the feedback point.
2.1.4.4 Jumping Mode Plus (JM+)
During my thesis we collaborated with Nanotec Electronica S.L. that
introduced new developments in JM algorithms which improved its
performance to identify conveniently the tip-sample contact at each
image point and minimize the maximum forces applied during scan-
ning.105 Instead of moving the tip a previously set distance Z for the
forward and backward cycles, the cantilever deflection is checked as it
is approached to the surface, and it stops if the deflection is greater
than the set point (movement (3) in (i) and (ii) in figure 2.5 (b)).
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This option had already been implemented in JM operation, but
was seldom used when working in liquid because its functionality was
limited by the viscous dragging of water on the cantilever: as the
cantilever approaches the surface the dragging force produces a spuri-
ous deflection that hides the tip-sample contact point (figure 2.6 (a)).
If the dragging deflection equals the feedback set point force, then
the Z piezo retracts before tip-sample contact (figure 2.6 (b)). This
problem required performing JM force curves slowly enough to reduce
the dragging as much as needed, decreasing the imaging speed below
acceptable values.
The Reynolds number Re = ρvD/µ for a cantilever of size D ∼ 0.1
mm moving with velocity v ∼ 1 − 10µ m/s in a solution of water
(density ρ ∼ 1000 kg·m−3 and dynamic viscosity µ ∼ 10−3 Pa·s), is
lower than 1. Then, the new algorithm assumes a viscous resistance
under a laminar flow expression for the dragging force Fd = −bv, where
b is a constant that depends on both the viscosity of the liquid and the
geometry of the cantilever, and v is the velocity of the cantilever. The
algorithm filters the normal force in real time during data acquisition
by subtracting this dragging contribution from the raw normal force
signal that hinders the determination of the contact point (figure 2.6
(c) and (d)).
This version of Jumping Mode operation (JM+) removes the drag-
ging force, accurately detecting the tip-sample contact. This improve-
ment in JM+ was essential for the development of the work described
in chapters 3, 4 and 5 of this thesis.
2.1.5 Force curve and indentation
AFM not only can image samples, but it can interact closely with
them obtaining physical properties. Generally, AFM is operated to
obtain mechanical properties although depending on the operation
mode nother physical features can be derived, such as magnetic or
electric properties. In the work done in this thesis, we focused ex-
clusively in the mechanical properties of adenovirus by probing the
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sample with force vs. distance curves (force curve−FZ).
A force curve consists in the displacement of the piezoelectric in the
Z direction registering the cantilever deflection with the photodiode.
Assuming that the tip of the cantilever and that the substrate are too
stiff to deform, we could consider that the deflection pertains only to
the linear elastic deformation of the lever. When a FZ is performed
on the sample, by indenting the tip in the surface of the specimen, we
can derive some mechanical properties similarly to the macroscopic
stressâĂŞstrain curve of materials science.106 Using equation 2.2, we
can present the force curve in nanoNewtons vs. nanometers enabling
to obtain physical parameters such as the stiffness (N/m).
The samples may present a plastic or an elastic response. In this
thesis, we probe the mechanical properties of viruses which gener-
ally deform linear and elastically.10,107 Then, when we push on viral
particles with the AFM tip, the signal recorded by the photodiode cor-
respond to a linear deformation of the cantilever and the virus. This
problem can be simplified to a system of two springs in series:
1
ksys
= 1
ks
+ 1
kc
(2.8)
With the rigidity of the cantilever kc and the slope of the FZ ksys, we
can compute the stiffness of the sample ks.
The FZ encloses the deformation of the cantilever and the sam-
ple, but a curve that represents the force vs. the indentation (or
deformation) of the sample is easy to compute by just subtracting the
deflection of the cantilever to the Z movement of the piezoelectric:
indentation = Z − deflection (2.9)
The rigidity of the sample ks can be obtained directly from the linear
slope of this curve. A MATLAB code was implemented to ease the
calculation of this curve from raw data of the microscope and to obtain
the mechanical properties of the sample (appendix A.1). Along the
manuscript, we refer to force vs. the indentation curve as indentation
or nanoindentation.
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Chapter3
Characterization of human
adenovirus with AFM
3.1 Introduction
Structural virology is one of the fundamental branches of virology that
focuses on resolving virus structure at molecular or even atomic res-
olution. Structural virology has always advanced hand in hand with
technological progress, starting in the first half of the 20th century
with the visualization of first virus structures by electron microscopy
(EM).108 By mid-century, X-ray crystallography resolved molecular
structures of biological samples such as DNA.109 From that moment
on, these techniques played an important role in viral structure com-
prehension by resolving viral capsid proteins and whole viruses.108
In the last decade, atomic force microscopy (AFM) has gained
little by little a place in structural virology. AFM can reach high
resolution imaging for viral particles.110 The resolution obtained de-
pends not only on the AFM tip radius (chapter 2), but also on the
imaging mode, the sample support and the medium. AFM does not
intend to compete with EM and X-ray as an imaging tool since nowa-
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days these techniques resolve atom positions in virus structures.17,72,111
Even though AFM does not reach sub-nanometer imaging resolution,
it allows to manipulate and interact nanometer sized viruses at single
particle level in close to physiological conditions.10,62,107 As in materi-
als science, from the AFM manipulation experiments, one can derive
physical properties such as the stiffness and the fracture point (break-
ing force) of viruses, among others.
The first description of adenovirus with AFM consisted in the char-
acterization of the state of the viral capsid in the initial step of capsid
disassembly in air conditions.110 Imaging in liquids allows probing
viruses ambient conditions close to these that they may face in na-
ture. Taking advantage of AFM, we manipulate adenovirus obtaining
further information to understand its architecture. Along this chap-
ter, we present our experience on imaging adenovirus with AFM in
physiological conditions at high resolution, as well as the first char-
acterization of the mechanical properties of adenovirus particles in
different assembly states.
3.2 Optimization of the experimental setup
for adenovirus
AFM belongs to the scanning probe microscopy family. Since this
kind of microscopes scan a surface,112 the object under study (virus
particle) must be attached on a substrate. There is a wide range
of possibilities to adsorb molecules on surfaces, but we are not inter-
ested in modifying their structure by covalent bounds (chemisorption).
Thus, a requirement to adsorb viruses on surfaces is to find conditions
that facilitate a strong physisorption without structural modification.
Electrostatic and van der Waals forces play an important role in virus
attachment. Depending on the polar, non-polar and charge density
patches at the surface of the specimen, we have to play with the envi-
ronmental conditions where specimens are embedded to promote ph-
ysisorption to the substrate. Generally, the outer side of the protein
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capsid of some non-enveloped viruses,113 and in particular of aden-
ovirus, is negatively charged (figure 3.1).
Top view
(outside)
Bottom view
(inside)
Lateral view Cross-section
Figure 3.1: Hexon electro-
static potential. The hexon,
adenovirus major coat protein,
plays an important role in virus
attachment. The surface elec-
trostatic potential shows that its
is predominantly electronegative
(red). Blue depicts positive sur-
face charge density, and white
neutral charge in kBT/e units,
where e is the electron charge,
kB the Boltzmann constant and
T=298.15 K. Courtesy of Dr. San
Mart´ın.
3.2.1 Surfaces
It is important to know the properties of each surface and which in-
teractions may govern the adsorption of samples. Here, we present a
brief description of the common surfaces used for biological samples
in AFM.114
3.2.1.1 Highly Ordered Pyrolytic Graphite (HOPG)
HOPG is a high purity carbon non-polar surface.115 HOPG presents
a layered structure from which a few graphite layers can be removed
by pressing with a piece of tape and pulling off, resulting in a freshly
cleaved surface. The higher the HOPG quality, the larger flat areas are
obtained with lower number of steps, that correspond to a few layers
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of graphite (a monolayer height is ∼0.34 nm). The first image of figure
3.2 shows the AFM topography of HOPG presenting the characteristic
terraces.
The non-polar character of the HOPG surface results in a hy-
drophobic behavior that excludes polar and charged molecules result-
ing in an apparent hydrophobic interaction. The hydrophobic patches
of the biological sample may govern the adsorption to this surface.
3.2.1.2 Glass coverslips
Glass is an amorphous inorganic material composed of silicates, that
presents a good optical transparency with a large use in window panes.
A coverslip is a thin flat piece of glass with a broad use in optical mi-
croscopy. Generally, glass requires a tedious preparation for its use as
an AFM sample substrate. Coverslips may be covered with organic
contaminants which should be removed by washing in a KOH solution
in water and ethanol, followed by ultrasonication in water. Glass by
itself is hydrophilic because it contains many oxygen and hydrogen
atoms on the surface that form hydrogen bonds with water. For this
thesis, glass was modified with silane molecules (Hexamethyldisilazane
- HMDS) conferring a hydrophobic behavior due to their methyl radi-
cals CH3 (the 2≡SiOH groups of glass react with the NH of the HDMS
(HN(Si(CH3)3)2) giving 2≡SiOSi(CH3)3).116
Similarly to HOPG, the hydrophobic character of HMDS-coated
glass may govern the adsorption of the biological sample to the sub-
strate. Since glass is an amorphous material, its surface presents larger
roughness but very flat areas (no terraces) compared to HOPG. The
second image of the first row in figure 3.2 shows an AFM topography
presenting the characteristic pores of the glass.
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Figure 3.2: Adenovirus on substrates. The first row shows the
AFM topographies of the substrates imaged in liquids with Jump-
ing Mode. The images on the second row show adenovirus particles
attached on the different substrates. Depending on the interactions
between the surfaces and the particles, the virus tends to attach in
different orientations with respect to the different symmetries of the
icosahedron. The third row shows these symmetries. The 2-fold and
the 5-fold symmetry orientation images correspond to adenovirus ad-
sorbed on silane coated glass, and the 3-fold symmetry to adenovirus
on mica in the presence of divalent cations.
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3.2.1.3 Slice of mica
In this thesis we used muscovite mica (KAl2(OH)2AlSi3O10) which is
a phyllosilicate mineral of aluminium and potassium.117,118 The crys-
talline structure of mica forms layers that can be split or delaminated
into thin sheets. Mica is easy to cleave with a piece of tape, similarly
to HOPG. Freshly cleaved mica presents atomically flat surfaces with
a very low roughness compared to glass (middle and right images of
the first row in figure 3.2). In a water solution, some K+ ions dis-
sociate from the mica resulting in a negative surface. Playing with
the electrolytes in the specimen solution and their concentration, the
interaction forces between sample and surface can be modulated. The
force interaction can be described by the DLVO theory,77 that takes
into account the van der Waals and electrostatic contributions (section
2.1.2). As opposed to HOPG and HDMS coated glass, mica presents
a hydrophilic behavior. Figure 3.2 (image on the right of the first row)
shows the AFM topography of mica, the flattest surface described in
this thesis.
3.2.2 Adenovirus on surfaces
To characterize a new virus with AFM it is necessary to find the
conditions that best adsorb the individual particles to the substrate.
In this section, a description for the behavior of wild-type adenovirus
in HBS buffer (composed by 20 mM Hepes and 150 mM NaCl at pH
7.8) on the above described surfaces is presented.
3.2.2.1 Adenovirus on HOPG
Adenovirus particles presented all the symmetries (last row in figure
3.2) in this surface with a slight dominance of adsorption on the three
fold symmetry of the icosahedral structure (figure 3.3 (a) and table 3.1
at the end of the chapter). Particles adsorbed on the 5-fold symmetry
showed the largest heights (figure 3.3 (b) and table 3.1). However, we
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found that most of the adenovirus particles appeared disassembled on
HOPG (middle row of figure 3.2). The disadvantage of HOPG is that
it is very hydrophobic, meaning that it may denature proteins.119,120
In the outer surface of the adenovirus capsid, there is a network of
protein IX that lashes the GON hexons together.20 In some nodes of
the network, four of these proteins interact through their C-terminal
helix by hydrophobicity. This helix bundle may have a higher affinity
for HOPG when virus particles come close to the surface. It has been
reported that hydrophobic surfaces destabilize α helices in proteins,121
suggesting that HOPG may untie these bundles and destabilize some
viral particles.
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Figure 3.3: Adenovirus adsorption on different substrates.
The graph in (a) shows the percentage of observed symmetry orienta-
tions for each substrate. In (b), the graph depicts the heights of the
particles for all the symmetries on each substrate. Height is preserved
for all of them, which means that the interaction with substrates is
not large enough to deform the icosahedral structure. In both graph
legends, CaCl2, MgCl2 and NiCl2 refer to the cases of mica in the
presence of these salts.
3.2.2.2 Adenovirus on silane coated glass
As in HOPG, adenovirus particles attached to silane coated glass in
the three icosahedral symmetries (figure 3.3 (a) and table 3.1), but
the 3-fold orientation was the least frequent. This is at difference
with Snijder et al.,122 who probed with AFM the three symmetries of
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adenovirus on this surface, and found that the 3-fold orientation was
the most abundant (45% of all the probed particles). This difference
could be due to the short fiber protein mutant particle used in the
cited work.21 The short fiber (∼ 9 nm) is less flexible than the natu-
ral Ad5 fibers used in this thesis (∼ 37 nm),21,24,123 hampering virus
attachment in less stable symmetries.
Particles oriented along the 5-fold symmetry axis had the largest
height, indicating that the surface does not affect the structure (figure
3.3 (b) and table 3.1). Glass is a convenient surface to probe the
different symmetries of adenovirus (middle row on figure 3.2).
3.2.2.3 Adenovirus on mica
We tested a variety of electrolytes in the solution and their concentra-
tion (tens of mM), to attach adenovirus on mica. Three different elec-
trolytes that, when entering in solution, present 2+ cations (MgCl2,
CaCl2 and NiCl2) were chosen for the tests.117 Adenovirus attached to
mica and presented a good stability on the surface for 10 mM MgCl2
or CaCl2, as well as for 5 mM NiCl2.124 For these concentrations with
the buffer salts (150 mM of NaCl) the Debye screening length is small
enough (up to ∼0.75 nm, equation 2.4) that it may enhance the van
der Waals role in the attachment (∼1-2 nm of range in liquids).81,125
Figure 3.2 shows that adenovirus has a higher affinity to attach on
mica showing up the triangular facet (3-fold orientation), conferring a
high stability (figure 3.3 and table 3.1).
For the development of this thesis it was important that viral par-
ticles were firmly attached on the substrate. Mica in the presence of
5 mM of NiCl2 was the surface and conditions that best fulfill the re-
quirements to carry out the fatigue and viral core probing experiments
that will be described in chapters 4 and 5, respectively. Although mica
does not apparently affect viral structure, it was important to check
if the divalent cations could affect it. Dr. Pe´rez-Berna´ analyzed the
genome exposure of adenovirus for different concentrations of nickel
chloride using fluorescence spectrometry, to see how the salt may af-
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Figure 3.4: Exposure of
adenovirus genome in
the presence of different
concentrations of NiCl2.
In this thesis, the exper-
iments have been carried
out using a concentration
of 5 mM of NiCl2, where
genome exposure is neg-
ligible, which means that
nickel does not affect viral
structure. Courtesy of Dr.
Pe´rez-Berna´.
fect the virus structure (figure 3.4). For the range of 5-20 mM of
NiCl2, DNA exposure was almost negligible, enabling us to conduct
AFM experiments on mica.
3.2.3 Probing adenovirus with AFM
Once we found the conditions to attach adenovirus to a substrate, we
proceeded to characterize it topographically to identify the different
characteristics of its icosahedral structure.
3.2.3.1 AFM sample preparation
Another challenge that we faced in the course of this thesis was sample
storage. We realized that adenovirus samples suffer a loss of structural
integrity if kept at 4 ◦C for over a week. Therefore, we stored virus
preparations at -20 ◦C in HBS buffer in single-use aliquots of 5 µL.
Generally for AFM imaging adenovirus in this thesis, virus samples
were diluted in a solution of NiCl2 in HBS to obtain a final solution
of 5 mM of Ni2+ and virus concentrations between 1.5− 2 · 1012 viral
particles per ml. A drop of 20 µL of virus solution was deposited
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on freshly cleaved mica and incubated for 30 minutes at 4 ◦C before
washing with 5 mM NiCl2 in HBS. The AFM tip was pre-wetted,
and the mica was placed on a holder and immersed in 500 µL of the
same buffer. The virus is therefore maintained in a hydrated, close to
physiological state throughout the experiments.
3.2.3.2 Imaging adenovirus with AFM
Adenovirus particles are large objects, presenting large orographic
changes for the AFM tip, in particular a very steep uphill topography
in the scan direction for the operation conditions of the imaging modes.
When using small jump heights in JM, these sharp changes translate
to uncontrolled peak forces that the sample has to withstand, as de-
scribed in section 2.1.4.3. When imaging adenovirus with standard
JM, most viral particles did not last more than a few images (figure
3.5). Moreover, a signal that viruses break due to the harmful AFM
scan is that particles disrupted from the incoming scan direction.
200 nm
80 nm
1 2 3 4
5 6 7
8
Figure 3.5: Adenovirus disruption due to AFM scan. This
example shows how an adenovirus particle does not last more than 6
consecutive scans due to the extra peak forces of the standard JM.
The particle disrupts following the scan direction, from left to right,
meaning that it undergoes a scan-conditioned disassembly.
Thanks to the new algorithm developed by Nanotec Electronica
S.L. for JM+ (section 2.1.4.4), adenovirus particles withstand a large
number of scans before showing a total disruption (chapter 4). This
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improvement allowed imaging human adenovirus at high resolution
in physiological conditions without fixation agents such as glutaralde-
hyde to provide additional mechanical strengthening.126 Figure 3.6 (a)
shows that in these conditions, AFM not only solves capsomers but
also their internal structure, distinguishing the monomers of the pen-
tons (in yellow) and hexons (in blue) (figure 3.6 (b), and compare
with figure 1.1). The topographical profiles show that AFM can re-
solve intracapsomeric distances of∼5 nm and∼6 nm between adjacent
monomers for pentons and hexons, respectively.
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Figure 3.6: High resolution AFM image of human adenovirus.
(a) 3D rendered topographical image of adenovirus in liquids present-
ing a view along the 3-fold symmetry axis (left). (b) The top and
bottom rows show high pass filtered topographies of the vertex region
and the central triangular facet of a virus, respectively, revealing the
towers of the triangular hexons and the flower-like structure of the
penton. On the right panels the lobes of the penton and hexons are
highlighted with yellow and blue dots, respectively. The graphs depict
the profiles of the two adjacent lobes of the penton and the hexon along
the lines in the highlighted images.
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3.3 Mechanical study of viruses
In the characterization of viruses, one of the main goals is to relate
the viral structure and its dynamics with the functionality in a biolog-
ical context. Bulk techniques like cryo Electron Microscopy or X-ray
crystallography provide an average information about the structure of
a large ensemble of virus particles. On the other hand, AFM is a sin-
gle particle technique that provides local information on the physical
properties of the sample. The possibility to work in aqueous medi-
ums confers to AFM the potential to characterize biological samples
in physiological conditions, not only as an imaging technique but also
probing a wide range of physical properties that complement the infor-
mation of the bulk techniques. Viral particle stiffness, surface charge
density and dielectric constant are some of the physical properties that
AFM can probe.10,107,113,127
3.3.1 Nanoindentation assays on particles
Some of the mechanical properties can be obtained from single inden-
tations (section 2.1.5) with the AFM tip on the sample. To do so,
the microscope performs controlled force versus distance curves (FZ),
measuring the piezoelectric tube displacement in the Z direction and
the deflection of the cantilever in the photodiode. From the forward
and backward curves it is possible to obtain information that can be
classified into pushing or pulling experiments,128 respectively. In this
thesis, we were interested on the information that can be derived from
the pushing experiments, such as the stiffness and the fracture point
(figure 3.7).129
To carry out AFM nanoindentation assays on viruses, we locate
an individual intact particle on the surface (figure 3.7 (left)), and
then the cantilever pushes at the very top of the particle. The FZ
speed was about 100-150 nm/s Cantilever bending is recorded as a
function of Z displacement.129 During the first stage of indentation,
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Figure 3.7: Force curve on an adenovirus particle. Force dis-
tance curve (FZ) executed in the center of the triangular facet of an in-
tact particle (left). The stiffness and the fracture strength or breaking
force can be obtained from the indentation curve (middle) computed
from the FZ (section 2.1.5). The topographical image taken after the
indentation shows that the particle was disrupted (right).
the virus particles undergo a linear deformation130 that is reflected
by an increase in the force indentation curve (figure 3.7 (middle))
and provides information on the stiffness of the virus. At a certain
point, the force suddenly decreases due to capsid failure. This point
determines the breaking force or fracture point. Finally, an image of
the virus is taken to characterize its disruption (figure 3.7 (right)).
In general, non-enveloped viral particles present a linear elastic
deformation,10,62,107,131,132 that can be described with the thin shell
theory.130 The specimen must satisfy the condition that the thickness
h and the deformation δ have to be lower than the radius of curva-
ture R (δ ∼ h and h  R).130 Sometimes particles may present a
transition to non-linear deformation described as a hertzian deforma-
tion (chapter 5).133 Likewise, adenovirus particles were assumed to
behave as thin shells where the force (F) increases proportionally to
the particle deformation (δ, or the indentation of the tip on the virus):
F = kv ·δ. The constant of proportionality kv is the elastic constant of
the particle which is a measure of the stiffness or rigidity. The elastic
constant depends on the size and shape of the specimen, but the intrin-
sic parameter of the stiffness of the material is given by the Young’s
modulus (E). To compute the E would need of some assumptions, but
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the spring constant can be derived directly from the indentation curve
(section 2.1.5). In the thesis we compare properties measured on par-
ticles displaying a 3-fold orientation by extracting its spring constant
as a direct measurement. Experimental data were analyzed from the
indentation curve as described in section 2.1.5. The MATLAB pro-
gram was used to compute the indentation from microscope raw data
and obtain the values of the mechanical properties (appendix A.1).
3.3.2 First characterization of the mechanical prop-
erties of the mature and immature aden-
ovirus particles
To probe the mechanical properties of adenovirus particles, we con-
ducted the experiments in HBS buffer composed by 20 mM Hepes and
150 mM NaCl at pH 7.8. We used mica to characterize adenovirus,
adding a divalent ion (Ni2+) to the solution to attach the samples on
the surface, as described in section 3.2.3.1. The FZ speed presented
in this thesis in all experiments was about 100-150 nm/s.
Since adenovirus particles preferentially attached to the mica in a
3-fold orientation, all the nanoindentation assays were conducted on
this symmetry. In an initial characterization of adenovirus mature
(wt) and immature (ts1 ) particles, we recorded data of 26 wt and 28
ts1 particles. We presented the stiffness data in histograms and fitted
them to a gaussian distribution
f(k) = f0 +
A
w
√
pi/2
· exp
(
−2(k − kv)
2
w2
)
(3.1)
that provides the average value of the spring constant kv of the par-
ticles and its dispersion, as well as the standard deviation w/2=SD
(figure 3.8). A statistical analysis of data was carried out for the
breaking force. Adenovirus wt particles presented both higher break-
ing force (3.3±0.2 nN) and stiffness (0.46±0.02 N/m) than ts1 parti-
cles (2.3±0.2 nN and 0.38±0.04 N/m, see also table 3.2). The results
46
3.3 Mechanical study of viruses
are presented as average±SEM, where SEM is the standard error of
the mean SEM= SD/
√
n and n the number of measurements.
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Figure 3.8: Spring con-
stant distribution for ma-
ture (wt) and immature
virus (ts1). Data are pre-
sented in histograms for wt
(blue) and ts1 (green). Mean
value and their standard de-
viation (SD) can be obtained
from fitting a gaussian dis-
tribution curve to the his-
togram. Mature particles are
stiffer compared to immature.
Usually, mechanical strength and stiffness are considered a signa-
ture of virus stability,66,134,135 i. e. the harder the particle, the more
resilient to aggressive conditions. However, this may not necessarily be
the case, because stiffness does not guarantee that a virus can survive
in hostile chemical or thermal environments. This is the kind of be-
havior we find for adenovirus; immature ts1, which withstands higher
levels of thermal or chemical stress than wt,26,57 is softer and breaks
at lower forces than wt when indented with the AFM tip. Conversely,
the metastable wt virions appear mechanically stronger (breaking at
higher forces) and stiffer. Thus, in adenovirus, mechanical stability
does not correlate with thermal or chemical stability.
The adenovirus mature capsid is brittle and stiff compared to the
elastic immature particle. Maturation drastically changes the core
organization and reduces interactions that kept the DNA tightly con-
densed (section 1.1.3).26,57 A possible explanation for the unexpected
mechanical behavior of wt and ts1 adenovirus particles would be that
this relaxation of the core upon maturation may increase the internal
pressure in the virion. The adenovirus capsid is usually thought to be
pressurized, by analogy with other dsDNA viruses.136 However, the
case of adenovirus is different from that of bacteriophage, because the
47
3. Characterization of human adenovirus with AFM
dsDNA genome is forming a complex with a large quantity of charge-
neutralizing proteins. These results lead to further experiments and
discussion presented in chapter 5 in this thesis.
3.4 Conclusions
AFM characterization of a new virus sample requires a broad study
probing different conditions such as surface election, the medium where
viruses are immersed or the imaging mode, among other parameters.
For human adenovirus, we found that the interaction between parti-
cles and mica in the presence of divalent ions in the medium allows a
very stable physisorption of viruses on the 3-fold symmetry orientation
without modifying their structure. Also the imaging mode plays an
important role at resolution and in experiments development, as we
will see for mechanical fatigue experiments in chapter 4. The results
of nanoindentations assays showed that the wt particle is stiffer than
the immature ts1, leading to the hypothesis of a pressurization during
the maturation that will be addressed in chapter 5.
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Tables
Symmetry	  
Adsorbed	  symmetry	  (%)	   Average	  height	  (nm)	  
HOPG	   Glass	   CaCl2	   MgCl2	   NiCl2	  
HOPG	   Glass	   CaCl2	   MgCl2	   NiCl2	  
Avg	   SD	   Avg	   SD	   Avg	   SD	   Avg	   SD	   Avg	   SD	  
2-­‐fold	   30	   37	   -­‐-­‐	   -­‐-­‐	   3	   90	   2	   90	   2	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	   87	   -­‐-­‐	  
3-­‐fold	   57	   26	   100	   97	   97	   87	   2	   89	   1	   88	   1	   90	   1	   88	   2	  
5-­‐fold	   13	   37	   -­‐-­‐	   3	   -­‐-­‐	   92	   2	   95	   1	   -­‐-­‐	   -­‐-­‐	   95	   -­‐-­‐	   -­‐-­‐	   -­‐-­‐	  
Table 3.1: Topographical characterization of adenovirus par-
ticles adsorbed to different substrates. Percentage of adsorp-
tion on the three icosahedral symmetries for different substrates, and
heights on the different orientations for each substrate. Data depicted
in figure 3.3.
Par$cle	   Spring	  constant	  (N/m)	   SD	  (N/m)	   SEM	  (N/m)	   Force	  (nN)	   SD	  (nN)	   SEM	  (nN)	   n	  
wt	   0.46	   0.10	   0.02	   3.3	   1.2	   0.2	   26	  
ts1	   0.38	   0.19	   0.04	   2.3	   0.8	   0.1	   28	  
Table 3.2: Mechanical properties of wt and ts1 adenovirus
particles. Parameters obtained from the gaussian fit of the spring
constant data depicted in figure 3.8, and statistical average for the
breaking force.
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Chapter4
Monitoring dynamics of human
adenovirus disassembly induced by
mechanical fatigue
4.1 Introduction
Viruses have to deliver their genome into host cells.137 Many bacte-
riophages inject their nucleic acid genomes into bacteria leaving their
capsids behind. But most eukaryotic viruses, such as adenovirus, are
engulfed by the host cell and undergo a controlled disassembly (un-
coating) until their replication compartment is reached.138 Signals re-
ceived upon entering the host cell trigger a cascade of conformational
changes in the proteins forming the viral shell, resulting in weakening
and further disruption of the virion to expose its genome to the cellu-
lar machinery.138 Different physicochemical agents may induce similar
conformational changes in proteins composing viral shells, which ulti-
mately surpass the activation energy of disassembly.139 For instance,
in poliovirus the same disassembly mechanism is induced by either
binding to an immunoglobulin-like receptor on the cell surface (in
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vivo) or exposure to moderate heat (in vitro).140 Investigations into
virus structural stability usually rely on bulk physicochemical proce-
dures accompanied by Electron Microscopy (EM).141–143 This imaging
technique convey static snapshots lacking real time information about
the dynamics of disassembly.57 AFM nanoindentations, beyond capsid
rupture strength,65,66,122,126,144–146 induce mechanical failure of viruses,
but likewise provide only a final image of the disruption process.
As explained in chapter 1, adenovirus disassembles in the cell in a
stepwise manner,38 beginning at the plasma membrane where receptor
binding induces loss of protruding fibers.41 Virion dismantling contin-
ues in the early endosome, where mild acidification, among other fac-
tors, may cause the release of a few pentons and peripheral core com-
ponents.47,57,147 The partially disrupted particle escapes the endosome
and travels to the nuclear pore, where final disassembly occurs and the
genome enters the nucleus.148 The mutant ts1 does not undergo the
proteolytic cleavages that lead to maturation (section 1.1.3),149 and
the uncleaved precursor proteins make the immature particles more
stable than the mature ones (wild-type), impairing proper uncoating
and aborting infection.57,150
In this chapter, mature and immature adenovirus particles are
subjected to a disruption method comparable to mechanical fatigue
macroscopic assays in materials science. Jumping Mode Plus (JM+,
section 2.1.4.4) allows to acquire topography images while at the same
time applying very low forces. As the imaging forces are well below
the breaking force of viral particles, the virus suffers subtle deforma-
tions (tenths of nanometer for 100 pN) that may induce weakening of
inter and intra-capsomeric interactions for a large number of cycles.
The weakened interactions are defects that act as seeds for fracture
propagation in the protein shell. This “infinitesimal” capsid disrup-
tion allows us to solve the dynamics of intermediate disassembly viral
states.
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Figure 4.1: Adenovirus rupture patterns obtained by single
nanoindentation assays. (a) 3D AFM topographical rendering of an
adenovirus in 3-fold symmetry before and after the indentation (in the
middle, forward and backward curves in black and red, respectively).
(b) Aligned images in gray scale; pentons are highlighted with black
circles in the middle image for cross-correlation of all viruses. (c)
Rotation applied to have the same topographical orientation in all the
images in the dataset. (d) Topographical subtraction of the aligned
AFM images (left); the equalization of the subtraction highlights the
breakage (middle); binarized map of the breakage region (right). The
scale bar for (a) is 60 nm and for the rest (only depicted in (b)) is 48
nm.
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4.2 Study of adenovirus disassembly pat-
terns with AFM nanoindentations
The first approach to study viral disassembly is to perform classical
nanoindentation assays with AFM. As explained in section 3.3.1, these
assays consist of exerting a force exceeding the fracture strength at
the top of the particle. Afterwards an image of the virus confirms
its disruption (figure 4.1 (a)). To find patterns in virus disassembly,
we compute breakage maps by comparing images of the initial intact
virus topography state and the disrupted state.
wt ts1
Figure 4.2: Breakage pattern maps corresponding to nanoin-
dentations of 9 wt and 12 ts1 adenovirus particles, respectively.
Darker gray levels indicate higher frequency of breakage at these re-
gions. The analyses show that viruses are mainly broken at the center
of the facet, where the tip is meant to perform the indentation.
The first step to compute a breakage map corresponding to force-
distance curves is the alignment between the AFM image before and
after the force curve (figure 4.1 (b)). To carry out this alignment, the
pentons on the upright facet of the intact virus image are highlighted
with black circles to help the correlation process (middle, figure 4.1
(b)). Dr. San Martin aligned the complete image dataset using cross-
correlation procedures in Xmipp2.151 For this step all the images need
to have the same dimensions (scale and points). Figure 4.1 (c) shows
the resulting rotation of the cross-correlation of the pair of images in
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the example. For each virus analyzed, a breakage map is computed
by subtracting the final image after nanoindentation from the intact
virion image (left, figure 4.1 (d)). The darker values show lost volume
in the topography. To highlight the breakage region it is necessary
to equalize the subtraction by skewing data and delimiting the area
(middle, figure 4.1 (d)). The difference image is binarized to a gray
level of 1 within the cracking area (right, figure 4.1 (d)).
To obtain the average breakage pattern due to the nanoindenta-
tions, all binarized breakage maps are overlaid (figure 4.2). The darker
colors represent the highest frequency in breakage. The darkest area is
at the center of the icosahedron facet, where the AFM tip indentates.
These breakage patterns do not provide evident differences between
wt and immature virus ts1. AFM nanoindentation assays fail to show
differences in breakage pattern between mature and immature aden-
ovirus that could explain the different uncoating behavior.
4.3 Mechanical fatigue approach
Material disruption induced by mechanical fatigue strongly depends
on the number of load cycles and the stress of each one, as predicted
by the Wo¨hler curve or S-N curve (section 4.4.2).152 Jumping Mode
Plus performs consecutive loading cycles of a few hundred pN (figure
4.3). This section explains that when we acquired successive images
of the same particle at ∼100 pN, well below the capsid rupture force
(section 3.3.2), these repeated loading series induced mechanical fa-
tigue,152 simultaneously triggering and enabling real time monitoring
of adenovirus disassembly. Thus, mechanical fatigue acts as a stress
agent, in a similar way to physicochemical procedures, inducing grad-
ual capsid disruption.
In contrast to classical nanoindentation studies,66 mechanical fa-
tigue experiments require not only intact particles, but also stable
attachment to the surface during several hours of repeated scanning
on a single particle in liquid. Only adenovirus particles adsorbed on
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furthest point
force at contact
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Figure 4.3: Jumping Mode Plus imaging force cycles. Cartoon
depicting the JM+ imaging force cycles (red), as well as the z-piezo
actuation (black) along a single scan-line.
3-fold symmetry orientations were stable enough, presumably because
this geometry maximizes the virus-surface contact area. Once the
consecutive imaging started, about 60% of viruses detached before
disassembly ended. Nevertheless, a dataset comprising 7 wt and 6 ts1
viruses was studied, revealing a consistent and reproducible behavior
pattern as we explain presently.
To perform these experiments, images of 128x128 points2 and 300x
300 nm2 were recorded scanning from left to right at a temperature
of 18◦C to avoid thermal drift and any influence in virus disruption.
The sample was immersed in a ∼560 µL drop of 5 mM NiCl2 in HBS
buffer to avoid salt concentration increase due to evaporation. Moni-
toring virus disassembly in real time was accomplished by repeatedly
imaging each particle. To study the disassembly dynamics, all images
corresponding to the same particle were aligned. As a control that dis-
ruption was caused solely by mechanical stress and not by changes in
environmental conditions during the prolonged imaging time, we ob-
served that at the end of the experiment capsids in the neighborhood
of the disassembled one were still intact (figure 4.4).
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Figure 4.4: Virus disruption is due to mechanical fatigue,
and not to the prolonged experimental time. (a) Two wt adenovirus
particles attached to the surface before the disassembly experiment.
(b) A set of different stages throughout the disassembly of the viral
particle at the bottom are shown. The typical crumbling pattern for
wt virus is observed. Frame numbers are indicated in each image.
(c) The same area as in (a) imaged after the end of the disassembly
experiment. The neighboring particle at the top remains intact after
126 minutes of experiment.
57
4. Monitoring dynamics of human adenovirus disassembly
induced by mechanical fatigue
4.3.1 Topographical evolution study
We analyzed changes in the topography of adenovirus mature (wt)
and immature (ts1 ) particles while being disassembled by mechanical
fatigue. Since we study an evolution, data are analyzed in terms of
elapsed time from the first acquired image for each individual particle.
4.3.1.1 Wild-type particle
Figure 4.5 (a) exemplifies the results obtained for a mature particle.
The virus was scanned 61 times during 174 minutes, and a movie
was generated from the consecutive images (Movie 1 SciRep – movie
caption at the end of the chapter). Frame 0 in figure 4.5 (a) presents
the intact particle of ∼86 nm height (figure 4.6 (d)), in agreement
with the nominal diameter of 88 nm from facet to facet. Frames 4
to 9 reveal that pentons are sequentially lost from each vertex of the
triangular facet. The upper right penton vacancy seeds a growing
fracture (frame 24) that evolves into crumbling of the particle from
right to left (frames 28 to 42), finishing in a blob which lacks the whole
shell and most of the core (frame 61).
4.3.1.2 ts1 particle
The ts1 adenovirus particle in figure 4.5 (b) observed in ∼40 images
taken along 118 minutes fell apart in a different manner than wt. Here
pentons sequentially pop off at frames 1, 4 and 6 (Movie 3 SciRep).
One of the two penton vacancies at the upper vertices of the triangular
facet starts to grow at frame 12, presumably because peripentonal
hexons are lost. Then the two simultaneous voids grow (frames 24 and
26) and coalesce (frame 27) in a crack. Finally the top of the capsid
is totally removed and the viral core is exposed to the environment
(frame 38).
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Figure 4.5: Disruption by mechanical fatigue of a wt and a ts1
adenovirus particle. Selected individual frames along the disassem-
bly process of a wt particle (a) and a ts1 particle (b). Movie 1 SciRep
and Movie 2 SciRep show complete image dataset. The numbers re-
fer to the position of the frame on the corresponding movie. Penton
vacancies are highlighted with arrows. In (a), frame 38, the arrows
indicate the crumbling direction. In (b), arrows in frame 27 indicate
coalescence of voids. Scale bars correspond to 46 and 40 nm for wt
and ts1, respectively.
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4.3.1.3 Height evolution analysis
The height of the virus respect the substrate is a quantitative de-
scription of overall virus integrity. To do so, kymographs (graphical
representation of spatial position over time, figure 4.6 (b)) were gener-
ated by depicting the evolution of the topographical profile indicated
by the dashed lines in frames 0 in figure 4.6 (a) (same particles of fig-
ure 4.5). Kymographs enable topographical profiles comparison along
time (figure 4.6 (c), with critical profiles highlighted with colors).
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Figure 4.6: Height evolution study. (a) The white dashed lines in
frames #0 of wt and ts1 from figure 4.5, indicate the profile along all
frames used to generate the kymographs in (b). (c) Profiles obtained
from (b) show the shape evolution of the viral particles. Colored curves
denote profiles corresponding to same colored profiles in (b). The
remaining profiles are depicted in grey. (d) Evolution of the maximum
height of the wt and ts1 particles along time, obtained at the dashed
vertical white profiles in (b). Scale bars in (a) correspond to 46 and
40 nm for wt and ts1, respectively.
The height of the wild-type particle decreases from 86 nm (frame
0, black profile) to 35 nm (frame 61, yellow profile). In fact, profiles
purple (frame 28), orange (frame 38) and red (frame 42) reveal that
the height remains unchanged at the locations where the shell appears
intact, while at the broken parts the AFM tip reaches deeper and
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deeper, releasing the core components as soon as the protein cage
is broken. This observation is further supported by the evolution
of particle height along time (figure 4.6 (d), blue) provided by the
vertical white single point profile (profile of one pixel width) on the
kymograph: up to frame 51, the height remains almost constant; but
it decreases sharply by ∼45 nm in only 6 images, indicating that the
virion contents are quickly released concurrently with the crumbling of
the virus shell. Figure 4.7 (a) shows the typical topography of a mature
particle after complete disassembly, demonstrating that the virus has
been disrupted in two major pieces of about 30 nm in diameter. In
addition, there are smaller objects (∼100) whose height (∼11 nm,
figure 4.7 (c)) is compatible with those of individual hexons.122,153
The consecutive profiles close to the edge of the icosahedral facet
(where the significant events happen, e. g. the capsid crack) of the
ts1 particle (figure 4.6 (a)), reveal that the void areas generated from
the penton vacancy keep growing, but before long their depth stops
increasing (dark blue and cyan profiles in figure 4.6 (c)). The plot
showing height evolution along the white dashed single point profile
line in the kymograph (figure 4.6 (d), green), indicates that it remains
constant until frame 23, when it undergoes a sharp decrease of∼16 nm.
Afterwards the height remains constant at 70 nm, revealing a stable
structure after the virus shell has been removed. The final topography
of an immature particle after disassembly by material fatigue (figure
4.7 (b)) shows a mostly intact core of 70 nm in height plus numerous
surrounding hexons (figure 4.7 (c))).
The average height for all wt virions, measured with an influence
radius profile (profile of an average of several pixels in width - we used
3 or 4 points in radius) on the kymopgrah, remains constant until it
quickly drops to highly disperse final values (figure 4.8 (a)). Capsomer
assembly and disassembly follow kinetic models.154 Since the average
height measures capsid integrity, it allows to study the mechanical
disassembly kinetics of the viral particle. The average height along
time can be fitted to a Hill sigmoid function
h(t) = h0 + (hf − h0) t
n
τn + tn (4.1)
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Figure 4.7: Final topography of adenovirus particles after
material fatigue experiments. (a and b) Optimized color palette
enhances substrate details in topographical images after fatigue assay
for wt and ts1 particle, respectively. (c) Profiles corresponding to the
dashed lines in (a) and (b). AFM images are 1µm x 1µm.
where h0, hf , τ and n are the initial and final heights, inflection point,
and cooperative factor, respectively. The wt mean cooperative factor
for average height decrease (figure 4.8 (a)) is n∼77 (table 4.1 at the end
of the chapter). Conversely, the average heights of ts1 particles (figure
4.8 (b)) present a gentler decrease, reflected by a lower cooperative
factor n∼13 (table 4.1). The single point height profiles of ts1 particles
(inset chart in figure 4.8 (b)) undergo an abrupt decrease of about 16
nm, reaching a stable value at ∼70 nm (cartoon in figure 4.8 (b)).
This value corresponds to the addition of the height of the condensed
core and the capsid wall resting on the substrate.
4.3.2 Penton loss study
Material fatigue assays provide novel quantitative information on sin-
gle virus particle disruption, such as the dynamics of penton release.
Since particles are oriented on the 3-fold symmetry, we consider the
fate of the three pentons visible for each particle, although tilting oc-
casionally enables imaging of lateral pentons. We compared profiles
from a dilated image of a pentonless adenovirus EM reconstruction
with an AFM image to ensure that the vacancies observed in the to-
pographical image corresponded to missing pentons. Figure 4.9 shows
that both approximations are in good agreement.
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Figure 4.8: Height evolution along time of adenovirus parti-
cles subjected to material fatigue disassembly. Evolution of the
average height of 7 wt (a) and 6 ts1 (b) particles along time. Solid
curves are the sigmoidal fits of the data. The inset chart in (b) depicts
the maximum height evolution along time for ts1. Inset cartoons show
models of particle dismantling.
4.3.2.1 Penton release
Table 4.2 presents the scan number where penton vacancies appeared
during the experiment. To proceed with the study, all pentons are
considered independent. In figure 4.10, the normalized penton popu-
lation is plotted along the number of images. At the beginning, there
are no penton vacancies. At different times of AFM scans, pentons
are released so the penton population in viral particles decreases until
the very last observed penton vacancy. The monotonic decrease of
the data follow an exponential decay: N(t) = N0 · e−λ·t, where N0 is
the initial penton population, and λ is the penton release constant,
i. e. the probability of penton release in one image. The mean life-
time (1/λ) of a penton is ∼9 and ∼17 images for wt and ts1 particles,
respectively. The initial penton release rate (N0 · λ) is ∼4 pentons
per frame for wt and ∼2 pentons per frame for ts1, and decreases as
N(t) ·λ. The probability to release a penton in one scan for wt is 1.85
times higher than for ts1 (λwt ' 11% and λts1 ' 6%).
The time lag between penton loss and final dismantling, defined by
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the frame when blurring of the icosahedral contour occurs (demolished,
table 4.2), can be also computed. On average, wt particles kept their
gross pentonless organization during 62± 7% of the total experiment,
while pentonless ts1 virions endure for 43 ± 9% of this time (table
4.3).
4.3.2.2 Estimation of penton release energy
Jumping Mode Plus AFM applies forces which deform the viral cap-
sid at each point. These deformations involve a supply in elastic and
plastic energy deformation. To compute the energy supplied to the
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Figure 4.9: Penton release. (a) Adenovirus EM reconstructions
before (a1) and after (a2) penton removal and dilation simulations
performed on models (a3 and a4, respectively) by considering a 12 nm
diameter tip. (a5) Comparison of profiles at the penton region (dashed
lines). Figures (b3) and (b4) show the experimental AFM data, which
are high-pass filtered in (b1) and (b2), respectively, to enhance penton
vacancies. The profiles along the dashed lines are depicted in (b5). (c)
Profiles demonstrate an excellent agreement between the model and
the experimental data of the penton vacancies, which confirms that
the vacancy in AFM images corresponds to a missing penton.
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Figure 4.10: Penton release
distribution. Penton popula-
tion follows an exponential de-
cay for both types of particles
(wt in blue and ts1 in green).
Data normalized to the initial
population (35 pentons for each
type of particle, table 4.2).
particle for removing a penton, we assumed the maximum imaging
force (100 pN) for all the points of the virus surface, and the whole
capsid was considered to have the same elastic response. The total
energy provided to the virus during the forward cycle of a force-curve
performed at a pixel in JM+ is the enclosed area between the inden-
tation curve and the x axis (figure 4.11 (a)). By using the spring
constants of 0.38 N/m and 0.46 N/m for immature and mature viri-
ons, respectively (section 3.3.2), the supplied energy per pixel is about
3.2 kBT for immature and 2.6 kBT for mature. These values are likely
overestimated, because part of the energy delivered by the forward
curve can be given back due to the elastic response of the viral capsid,
among other energy dissipation processes within the virus structure.
Still, for the sake of comparison between mature and immature
particles, the energy provided to a virus particle while acquiring an
image of 128x128 points can be estimated by taking into account all
pixels, i. e. the force-distance curves, within the area delimited by
the perimeter of the virus (figure 4.11 (b and c)). The total energy
is computed by multiplying the energy provided in one image by the
number of images preceding the penton release. The energy required
to cause penton release of wt and ts1 adenovirus is obtained by averag-
ing the energies consecutively provided to create each penton vacancy
of the triangular facet facing the tip. From this approximation, the
average energy applied to generate one penton vacancy is ∼ 1.9 ·10−16
calories for ts1 and ∼ 1.0 · 10−16 calories for wt (horizontal dashed
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lines in figure 4.11 (d)), indicating that pentons in ts1 are more stable
than in wt. The corresponding values for a penton release in kBT are
∼ 1.9 · 105 and ∼ 1.0 · 105 for ts1 and wt, respectively. These values
are larger than the ones computed for hexons indicated in the upcom-
ing section 5.7, which shows that they are overestimated since hexon
release energy should be higher.
To compare with values obtained from a bulk technique, the energy
required to cause the first disassembly events in wt or ts1 capsids
was estimated from the enthalpy corresponding to the first thermal
transition in differential scanning calorimetry curves obtained by Dr.
Pe´rez-Berna´.57 The energy cost of the initial disassembly events (that
most likely correspond to release of one or several pentons) is 6.0·10−17
cal/virion for ts1 and 3.4 · 10−17 cal/virion for wt. The energy ratio
ts1 /wt from our single virion experiments is 1.9, in good agreement
with the bulk calorimetric results (1.8). Both indicate that ts1 pentons
are more stable than wt ones.
Figure 4.11: Estimation of
penton release energy. (a)
Scheme showing the estimation
of supplied energy for the scan-
ning force in one point for wt
(blue) and ts1 (green) viruses.
(b) Number of points in an AFM
image. (c) Number of points
within the virus perimeter, i. e.
number of force-distance curves.
(d) Supplied energies for each
penton release event averaged to
all ts1 and wt virions vacancy
occurrences, indicated as E1, E2
and E3 for wt. Dashed lines rep-
resent the average of these three
energy values.
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The possible origin of the stabilization of pentons in the immature
virus is twofold. First, structural studies have shown that the pres-
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ence of precursor proteins results in extra interactions joining hexons
(not pentons) to the core.26,54,57 Second, processing by the viral pro-
tease induces core decompaction accompanied by an increase in capsid
stiffness (section 3.3.2), suggesting that maturation could increase the
internal pressure in the virion (chapter 5).57,65,136 Both aspects may
contribute to change the built-in mechanical stress at the vertices155
in the mature adenovirus virion that would result in more unstable
pentons.
4.3.3 Breakage pattern
The viral capsid breakage maps due to the force curves fail to dis-
cern differences in the behavior of capsid uncoating between wt and
ts1 (section 4.2). In section 4.3.1, viral particles show different to-
pographical characteristics (e. g. penton loss, capsid crumbling or
cracks) along the capsid disruption process. To explore the capsid
rupture pattern that records these breaking characteristics for each
particle, we calculated time cumulative disruption maps (TCDMs)
depicting the sequence in which different shell areas were lost (figures
4.12 to 4.14).
For each virus, TCDMs are constructed by subtracting each movie
frame from the initial one (figure 4.12). To highlight the lost shell
area in each image, the difference maps are binarized by setting a gray
level of 1 within the removed material zone and 0 elsewhere. All the
disruption maps for one individual virion are added to obtain an image
in which the grayscale levels indicate the sequence in which different
areas of the shell were removed. Darker grey levels indicate regions
in the shell that were removed earlier during the experiment. For
instance, TCDMs show virus vertices as black areas because pentons
are released first as described in section 4.3.1.
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Figure 4.12: Procedure to obtain the time cumulative disrup-
tion maps (TCDMs). First, all AFM images for a single particle
are aligned. Then, we compute the subtraction of each image from
the first one (similar to figure 4.1 (d), left). Then the breakage is
delimited by applying an accurate flooding that defines the breakage
perimeter (equalized subtraction). The breakage region is binarized.
The cumulative maps are computed by adding the binarized subtrac-
tion maps. The scale bars are 60 and 48 nm for the AFM topographies
and subtraction images, respectively.
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Figure 4.13: Examples of time cumulative disruption maps
(TCDMs). Disruption maps for one wt (a) and one ts1 (b) particles.
The elapsed time in minutes corresponding to the whole grayscale is
50 min in (a) and 118 min in (b). The scale bar corresponds to 48
and 40 nm for (a) and (b), respectively. Red contour plots indicate
areas removed early (32% and 43% of the elapsed time for (a) and (b),
respectively). Green contour plots indicate areas removed at medium
times (55% in (a), 74% of the elapsed time in (b)). Blue contour
plots indicate areas removed late (84% and 83% of the elapsed time).
The ts1 particle of (b) is the one studied in figure 4.5 (b). See also
Movie 5 SciRep for (a) and Movie 3 SciRep for (b).
4.3.3.1 Wild-type particle
In the mature virion in figure 4.13 (a), the penton vacancy created at
the position denoted as α induces earlier material elimination than va-
cancies β, γ and δ (red contour line -CL- of figure 4.13 (a)), and grows
in an irregular disassembly front that reaches vertices β and γ (green
CL). This crumbling spreads upwards, eventually reaching vacancy
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δ (blue CL, figure 4.13 (a) and Movie 5 SciRep). Figure 4.14 (a-c)
depicts more examples with similar evolution in breakage patterns.
4.3.3.2 ts1 particle
In the TCDM series for the immature particle in figure 4.13 (b), the
initial CLs surrounding vertices α and β show simultaneous and in-
dependent growth spread, eventually merging into a continuous crack
(red CL in figure 4.13 (b)). Each lost vertex acts as a seed developing
cracks that eventually merge with those of the neighboring vertices (γ
and δ, green and blue CLs in figure 4.13 (b), Movie 3 SciRep). Figure
4.14 (d-f) depicts more examples with similar evolution in breakage
patterns.
4.3.4 Biological context
Mechanical fatigue induces stepwise dismantling of adenovirus capsids,
replicating the in vivo disassembly process38 and showing differences
in the disassembly pathway for mature and immature virions that re-
flect their infectious phenotype. Disruption due to mechanical fatigue
starts with pentons dissociating, as previously observed in response to
thermal or chemical disruption57 and during natural disassembly at
the beginning of the infectious cycle. However, real time monitoring
shows that pentons are sequentially removed, an aspect that could
not be elucidated with the techniques previously used.57 In principle,
the structure of pentons and peripentonal proteins should be identical
for all the vertices, and should be equally affected by mechanical fa-
tigue. As a consequence, they should pop off after receiving the same
loading cycles. The sequential removal of pentons may indicate either
uncontrolled processes of energy dissipation in the virion or subtle
differences on vertex structure.
After sequential release of pentons, the capsid is peeled away to re-
veal the core, and finally the particle collapses. In the cell, adenovirus
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Figure 4.14: Other cases of time cumulative disruption maps
(TCDMs). Examples of two-dimensional rupture maps for wt (a-c)
and ts1 (d-f) virions. The elapsed time in minutes corresponding to
the whole grayscale for each image is 104 (a), 81 (b), 174(c), 104 (d), 90
(e), 92 (f), respectively. The scale bar corresponds to 45 nanometers
in (a), 38 in (b), 46 in (c), 45 in (d), 49 in (e), and 50 in (f). Red
contour plots indicate areas removed at 73% (a), 45% (b), 49% (c),
33% (d), 38% (e), 34% (f), of the total elapsed time, respectively.
Green contour plots indicate areas removed at 90% (a), 75% (b), 75%
(c), 73% (d), 65% (e), 79% (f), of the total elapsed time, respectively.
Blue contour plots indicate areas removed at 96% (a), 94% (b), 92%
(c), 80% (d), 73% (e), 93% (f), of the total elapsed time, respectively.
The wt particle of (c) is the one studied in figure 4.5 (a) See also
Movie 2 SciRep, Movie 5 SciRep and Movie 4 SciRep for (b), (c) and
(f), respectively.
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escapes the endosome at 15 min post infection (p.i.), and is found at
the nuclear envelope at 45 min p.i., with complete disassembly oc-
curring for the majority of particles at 60 min p.i. (figure 4.15).38,50
Therefore, particles must remain reasonably intact in the cytosol after
releasing pentons for at least 30-45 minutes. The results presented
here indicate that wt particles keep their pentonless structure during
62 ± 7% of the disassembly elapsed time, which is similar to the in
vivo period required for time traveling from endosome to the nuclear
pore.
Figure 4.15: Mechanical disruption recapitulates the tempo-
ral pathway of adenovirus uncoating in the cell. Virions escape
the endosome 15 min p.i. (post infection), having released some pen-
tons. They reach the nuclear envelope 45 min p.i. and are completely
dismantled by 60 min p.i. In mature virions, the partially disrupted
structure persists for 50-75% of the disassembly elapsed time which can
be compared to the 62± 7% due to mechanical fatigue disassembly.
TCDMs show that mature capsids unzip from a single fracture in
the shell that starts at a penton vacancy and then spreads through the
remaining shell in a highly cooperative way (figures 4.13 (a) and 4.14
(a-c)). Such crumbling is accompanied by simultaneous release of the
material below the disappearing shell, reaching final heights well be-
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low the core diameter (60 nm) for wt (figure 4.8 (a)).26 Topographies
after disassembly (figure 4.7 (a) and (c)) reveal three kinds of debris:
first, large pieces of about 30 nm in height, corresponding to residual
viral shell attached to the mica surface, along with core debris (red);
second, tens of individual hexons dispersed around the disassembly
area (black); third, partially compacted dsDNA (yellow) that homo-
geneously surrounds the central area of the core debris. These results
imply that the DNA and proteins forming the core are not strongly
held together, or attached to the capsid walls. This property would
facilitate DNA diffusion outside of the viral cage prior to transport
through the nuclear pore. This infection mechanism requires certain
directionality in releasing the genome since DNA has to pass through
the nuclear pore. In fact, TCDMs of mature virions show that crum-
bling starts from one of the created penton vacancies and advances
across the capsid until its complete demolition without following any
pattern otherwise related to the virus geometry. This effect may be
caused by the DNA escaping from the initial crack, and helping to
demolish the viral shell in a similar way as water enlarging an initially
small crack of a dam wall.
Conversely, immature capsids endure shorter times after penton re-
lease (43±9% of the disruption time). Since ts1 virions are less prone
to release pentons, we infer that the energy provided by fatigue is
used not only to remove vertex capsomers, but also to further weaken
the rest of the viral shell. Penton vacancies in ts1 seed the simulta-
neous formation of multiple cracks (figures 4.13 (b) and 4.14 (d-f)).
These cracks spread and coalesce roughly following the icosahedron
edges, while the DNA remains condensed in the core. Thus, the extra
shell-core connections in ts1 keep the hexons attached to the core and
preclude the wall crumbling that occurs in mature virions. Topogra-
phies after disassembly show intact core (red) plus dispersed hexons
(black), but not DNA debris (figure 4.7 (b) and (c)). The homogenous
height decrease of 16 nm occurring in ts1 particles corresponds to the
capsid wall thickness, and all final ts1 structures exhibit heights of
about 70 nm (inset in figure 4.8 (b)), which most likely correspond
to the remaining lower shell plus the intact core. These observations
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suggest that the viral shell has been torn away, while the exposed core
remains stable. Precursor proteins tightly condense DNA inside ts1
particles and keep it attached to the capsid walls, preventing genome
release when the virus cage is removed.57
4.4 Mechanical fatigue at different forces
Along the viral cycle, viruses face environments where they may un-
dergo molecular impacts due to macromolecular crowding, which could
be translated as random stress cycles.156 Environments have heteroge-
neous macromolecular density, so the cycle load varies inducing vari-
able fatigue cycles in virus particles. An approach to study the re-
sponse of viral particles to these situations is to stress these protein
cages under different load rates. This section shows how wt adenovirus
particles behave under different values of stress below the breaking
force of the capsid. To conduct the study of material fatigue of par-
ticles at different forces, data were analyzed as described in section
4.3.1.3.
4.4.1 Height evolution study
A MATLAB program was implemented to facilitate the height evo-
lution study (appendix A.2). The output is the height of single and
influence radius point at a selected spot of the capsid, and the number
of cycles (pixels) in the virus area. Figure 4.16 (a) presents the aver-
age of four point influence radius of the maximum height evolution of
3-fold oriented wt adenovirus particles which disassemble by mechani-
cal fatigue at 100 pN (same data as section 4.3.1, 7 particles), 300 pN
(6 particles), 500 pN (6 particles) and 700 pN (6 particles).
The height of all viral particles changes following a similar behavior
for all studied forces. The height remains almost constant until a sharp
decay to very low values appears. This drop in height corresponds to
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Figure 4.16: Effect
of mechanical fatigue
at different forces in
wt adenovirus parti-
cles. (a) Average height
evolution for each par-
ticle studied at differ-
ent forces: 100 pN (or-
ange), 300 pN (blue),
500 pN (green) and 700
pN (red). (b) Curve
S-N for wt adenovirus
(force vs. number of cy-
cles). The x-axis rep-
resents the number of
cycles on the viral par-
ticle until its disrup-
tion which is the inflec-
tion point of the sigmoid
fit of the height evolu-
tion in (a) (logarithmic
scale). Hollow points
are the studied parti-
cles and the solid points
are the average for each
force. (c) Cooperative
factor of the disassem-
bly of viral walls at each
force (equation 4.1).
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the moment at which the top of the protein capsid is removed and, as
described in section 4.3.1.3, the virus genome is quickly released since
the AFM tip reaches deeper and deeper.
4.4.2 Stress-cycle diagram
In materials science, repeated application of cycling force leads to
eventual disruption of the material because of fatigue. Mechanical fa-
tigue studies have been largely carried out on macroscopic specimens
of metals and polymers, among other materials. The failure of a spec-
imen subjected to a cyclic load occurs by the growth along time of
initial microscopic cracks until the total collapse of the sample that
defines the fatigue lifetime or endurance. Experiments are conducted
by a testing machine that applies a sinusoidal stress and counts the
number of cycles to failure. Stress-cycle diagrams (Wo¨hler diagram or
S-N curves) quantify the fatigue process and present the mean stress
(S) of a constant cyclic stress amplitude versus number of cycles (N )
to failure (figure 4.17).157
Figure 4.17: Example of an
S-N diagram. Number of
cycles to failure N f is plotted
versus the stress amplitude σA
loaded cyclically with a fixed pe-
riod. Adapted from Mechanical
Behaviour of Engineering Mate-
rials.157
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It is unclear how the concept of mechanical fatigue and its physi-
cal basis can be extrapolated to protein-based bionanomaterials such
as viral capsids. Mechanical fatigue induced by Jumping Mode Plus
AFM on viruses may be compared to the macroscopic fatigue assays,
taking into account their nanometric scale, their material discretiza-
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tion (capsomers) and the absence of covalent bonds between their
building blocks.
Failure of the viral particles in these experiments is quite difficult
to determine. For these fatigue studies, we consider that the height
drop quantifies the disruption of the viral capsid. The parameter
that gives the number of cycles until “viral capsid disruption” is the
inflection point hf of the Hill equation 4.1 (section 4.3.1.3). Figure
4.16 (b) shows the inflection point for all the wt particles studied at
each force. The tendency of the data looks like the macroscopic S-N
curves in material science (figure 4.17). The virus lifetime decreases
as the applied force increases, which would be expected: the higher
the forces the lower the endurance. This result is an approximation of
a S-N curve of biological material at single particle level.
4.4.3 Force dependency of cooperativeness
Although it is a low sampling of data since in this kind of experiments
viruses are not very stable (section 4.3) and even less at high forces,
the average of the cooperative factor (Hill equation 4.1) shows a slight
tendency to increase with the force (figure 4.16 (c)). The force that
viruses withstand may act as a catalyst in the disassembly of the
capsid, because it helps capsomers to overcome the energy barrier in
the path from the bound to the unbound state. Thus the increase
of applied force helps to demolish the protein cage faster, raising the
probability to remove capsomers with missing neighbors once a first
capsomer is lost (penton).
4.5 Future directions in mechanical fa-
tigue for single molecule
Mechanical fatigue of viral particles with AFM has been described
in some studies by performing force-distance curves but it has never
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been quantified.10,135 This chapter presents an approximation to fa-
tigue quantification. The method presented is accurate enough to
solve satisfactorily viral capsomer stability as the pentons (setcion
4.3.2) and capsid pathways disassembly (section 4.3.3) for viral parti-
cles with different cargos or under different conditions. This method-
ology is a good candidate to ascertain the open question of the role of
pH in the weakening interaction of pentons in early endosomes in the
firsts stages of the adenovirus infection pathway.26,46,57
Moreover, AFM mechanical fatigue assays take a long time to con-
clude a successful experiment. An alternative to study the fatigue
endurance of a protein shell, that may lower the experimental miscar-
riage due to AFM scan and shorten the elapsed time of the experi-
ment, would be to properly implement the force-clamp mode. This
AFM option can apply controlled forces in two regimes: tension and
compression.128,158 Force-clamp assays could monitor capsid failure by
applying different amplitudes of oscillation to the tip at a given mean
force, which would be similar to the macroscopic material fatigue stud-
ies.152 Experiments would be faster to conclude and may help to add
more statistics to the results, at the expense of missing topographical
dynamics.
4.6 Conclusions
Mechanical fatigue induced by AFM is a new experimental approach to
cause single virus particle disruption while simultaneously monitoring
the process. Fatigue disruption not only recapitulates the adenovirus
disassembly pathway previously characterized by bulk or static imag-
ing methods, but also enables a real time characterization of the inter-
mediate dismantling stages of individual virions. Further, mechanical
fatigue disassembly reflects the uncoating differences between mature
and immature adenovirus particles, providing a new way to character-
ize the role of maturation as a determinant of viral infectivity. One
remarkable observation of this chapter is that a source of stress so far
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removed from the in vivo situation as mechanical fatigue results in the
same disassembly pattern induced by cellular cues. It brings to mind
the idea that the disassembly program of each virus is deeply embod-
ied in its architecture to guarantee successful infection. A prediction
following this consideration is that bacteriophage capsids subject to
controlled mechanical fatigue would not fall apart, but rather release
their contents while conserving most of their structural organization
as they do in their natural environment. Disruption by mechanical
fatigue may therefore shed new light on the disassembly pattern of
viruses for which no in vivo information is available on that regard.
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Tables
#	  par&cle	   1	   2	   3	   4	   5	   6	   7	   average	  
wt	   68±4	   38±4	   38±5	   150±16	   48±8	   70±4	   127±61	   77	  
ts1	   22±9	   5±1	   7±1	   10±1	   17±3	   17±4	   -­‐-­‐	   13	  
Table 4.1: Cooperative factors. Average and statistical error of
the mean (SEM) of the cooperative factors n of height decrease during
disassembly.
Penton	  Vacancies	  
Virion	   Par)cle	  
Frame	  
Upright	  facet	   Lateral	   Demolished	   Total	  
wt	  
1	   10	   14	   18	   8	   27	   30	  
2	   5	   6	   9	   12	   -­‐	   -­‐	  
3	   4	   7	   9	   4	   4	   20	   22	  
4	   7	   8	   8	   30	   33	   40	   42	  
5	   1	   3	   14	   1	   33	   46	   51	  
6	   3	   5	   16	   16	   30	   31	  
7	   4	   6	   12	   17	   32	   33	  
8	   5	   7	   9	   38	   57	   63	  
ts1	  
1	   3	   6	   8	   4	   31	   35	   43	  
2	   5	   9	   16	   4	   10	   34	   38	  
3	   1	   20	   23	   7	   36	   42	  
4	   1	   22	   23	   15	   -­‐	   52	  
5	   1	   10	   23	   6	   11	   35	   35	  
6	   4	   13	   16	   30	   36	  
7	   13	   32	   40	   10	   17	   24	   46	   53	  
8	   18	   46	   50	   -­‐	   -­‐	  
Table 4.2: Penton vacancies. Frames in which appearance of pen-
ton vacancies was observed, used for penton population shown in figure
4.10. Data pertain to more particles than those included in figure 4.8
(a) and (c) because some viruses detached from the surface just after
losing their pentons.
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#	  par&cle	   1	   2	   3	   4	   5	   6	   7	   average	   SEM	  
wt	   33	   55	   80	   70	   47	   62	   84	   62	   7	  
ts1	   77	   53	   36	   34	   47	   13	   -­‐	   43	   9	  
Table 4.3: Pentonless percentage of virus lifetime. Pentonless
time expressed in % of the total disassembly time for each virion, com-
puted from the last lost penton in the upright facet and the demolished
frame (where the viral contour is blurred) of table 4.2.
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Movies
Movie 1 SciRep, Movie 2 SciRep and Movie 5 SciRep: Me-
chanical fatigue disruption of three different wild type (ma-
ture) virus particles. First, a three-dimensional rendered topogra-
phy of the virus is shown. Afterwards, the same sequence is shown
stopping at clue points of the disassembly (7 frames per second).
Lastly, a video of time cumulative disruption maps in which the break-
age dynamics can be seen is shown (∼5 frames per second). The time
cumulative disruption maps (TCDMs) of figures 4.14 (c), (b) and 4.13
(a) are obtained at the end of the movies, respectively. The movies are
available in the supplementary information of Ortega-Esteban et. al,
2013: http://www.nature.com/articles/srep01434 as srep01434-
s2.mov, srep01434-s3.mov and srep01434-s6.mov, respectively.159
Movie 3 SciRep and Movie 4 SciRep: Mechanical fatigue
of two different ts1 (immature) virus particles. First, a three-
dimensional rendered topography of the virus is shown. Afterwards,
the same sequence is shown stopping at clue points of the disassembly
(7 frames per second). Lastly, a video of time cumulative disruption
maps in which the breakage dynamics can be seen is shown (∼5 frames
per second). The time cumulative disruption maps (TCDMs) of figures
4.13 (b) and 4.14 (f) are obtained at the end of the movies, respectively.
The movies are available in the supplementary information of Ortega-
Esteban et. al, 2013: http://www.nature.com/articles/srep01434
as srep01434-s4.mov and srep01434-s5.mov, respectively.159
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Chapter5
Mechanics of viral chromatin
reveals the pressurization of human
adenovirus
5.1 Introduction
Condensation of nucleic acids in biological systems reaches its max-
imal efficiency in viral capsids.160 Bacteriophage and some eukary-
otic viruses pack their protein-free dsDNA genomes in a spool-like
architecture within the shell. The confined genome builds up an out-
wards pressure, which facilitates genome ejection for DNA transloca-
tion into the host.65,136,161 Other dsDNA viruses pack their genome
with the help of cellular histones which bend DNA strands into nu-
cleosomes, in a similar way to eukaryotic chromatin.162 As described
in CHAPTER 1, human adenovirus condenses its dsDNA genome us-
ing positively charged, histone-like proteins of viral origin, forming a
50 MDa DNA-protein core.19 The adenovirus “mini-chromosome” is
a beaded structure formed by the 35 kbp dsDNA genome associated
with core proteins VII (∼500 copies), V (∼150 copies) and Mu (µ)
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(∼300 copies), in ∼230 nucleosome-like units per viral particle.30–33
The presence of uncleaved precursor proteins makes immature (ts1 )
adenovirus particles more stable than the mature ones (wild-type), im-
pairing proper uncoating and aborting infection.57,150,159 Core proteins
VII and µ are among those cleaved ones during maturation.163 Con-
comitant with this cleavages, the viral core decompacts, and penton
release and genome detachment from the capsid shell are facilitated
as described in chapter 4.26,57,159 The reason why vertex proteins de-
tach more easily from mature than immature particles is unclear, since
no additional structural elements corresponding to the uncleaved cap-
sid precursors were observed in direct interaction with pentons in ts1
cryo-EM reconstructions.26,54
In this chapter we use the nano-dissection capabilities of the Atomic
Force Microscope (AFM) to gain direct access to single adenovirus
mini-chromosomes in mature and immature particles, and directly
probe their mechanical properties. The interplay of core and capsid
mechanics reveals that core decompaction occurring during matura-
tion pressurizes adenovirus that might facilitate particle metastabi-
lization for proper uncoating and infection.
5.2 Mechanics of intact adenovirus cap-
sids
We investigated the mechanics of three kinds of adenovirus parti-
cles representing different assembly states: ts1 (genome containing,
immature), wt (genome containing, mature) and FC31-L3 (empty).
Particles attached to freshly cleaved mica substrates were scanned as
previously described in section 3.2.3. Since the experiments require
successive manipulation events of the same particle (section 5.3), we
focused on those showing a 3-fold symmetry orientation, which maxi-
mizes their area of contact with the substrate and thus their stability.
The three types of particles are topographically similar, as ex-
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Figure 5.1: Particle heights. Average height of the particles stud-
ied in this chapter.
pected, presenting a height close to the nominal diameter (figure 5.1,
and table 5.1 at the end of the chapter). The fact that empty parti-
cles show the same height as the full ones indicates that the adsorption
forces are low enough to preserve their integrity. Once a virus parti-
cle was identified on the substrate, we conducted single indentation
experiments to extract both its rigidity (spring constant) and break-
ing force as described in section 3.3.1. Nanoindentations performed
on intact particles, without evident capsomer vacancies, provided the
mechanical properties of capsids.
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Figure 5.2: Mechan-
ical properties of in-
tact adenovirus par-
ticles. Black symbols
and line represent the
spring constant, and
red symbols and line
represent the breaking
force, corresponding to
the left and right axes,
respectively.
Intact particles exhibit a linear behavior corresponding to a shell-
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like deformation, until the elastic limit (breaking force) is reached.62,107
We studied 77 wt, 20 ts1, and 61 FC31-L3 particles. Analysis of the
nanoindentations indicates that empty (FC31-L3 ) particles are the
softest (kFC31−L3 = 0.41±0.01 N/m, average±SEM), while wt par-
ticles are the stiffest (kwt = 0.56±0.02 N/m) (figure 5.2 and table
5.2). Interestingly, ts1 particles exhibit an intermediate value kts1
= 0.49±0.04 N/m. Rupture forces reflect the same tendency, with
2.6±0.1 nN for FC31-L3, 2.9±0.2 nN for ts1, and 5.0±0.1 nN for wt.
These results indicate that the presence of the genome and associ-
ated proteins increases the rigidity of the adenovirus particle, but the
maximum stiffness is attained after proteolytic maturation.
We notice that the measurements presented here indicate a larger
rigidity than the ones previously reported for both wt and ts1 in sec-
tion 3.3.2. This difference is due to the more stringent selection criteria
used for the experiments in the present chapter, where we discarded
particles suspect of being minimally disrupted before nanoindentation
(see section 5.8).
5.3 Mechanics of adenovirus cores
To understand the effect of the core on adenovirus mechanics, we probe
the mechanical properties of the core itself. We gently disrupt the cap-
sid shell with nanoindentations to access the genome. An image was
acquired immediately after each nanoindentation of every particle to
monitor structural changes (figure 5.3). These images revealed that
by keeping the maximum indentation of the AFM tip on the virus
just below the breaking force, the protein cage lost some capsomers
without collapsing. A few such deformations opened the particle and
allowed direct access to the core. Subsequent nanoindentations per-
formed on the opened particle exhibited non-linear deformations with
a variety of discontinuities and steps, which might correspond to ad-
ditional structural changes in the shell-core system. Figure 5.3 and
sections 5.3.1, 5.3.2 and 5.3.3 describe representative examples of the
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results obtained with this method for the studied particles.
5.3.1 Core of wild-type particle
The intact wt particle in figure 5.3 (a1) is indented for the first time
(figure 5.3 (b), curve #1), resulting in minor damage (figure 5.3 (a2))
not large enough to allow entry of the tip into the core. However,
indentation #3 (figure 5.3 (b), curve 3) generates a large crack, whose
topographical profile (figure 5.3 (a4)) indicates that the AFM tip is ac-
cessing the core. Therefore, indentation #4 in figure 5.3 (b) performed
at the crack observed in figure 5.3 (a4) is the first indentation directly
reaching the core, presenting a non-linear deformation adjacent to the
contact point. However, some of the successive indentations show lin-
ear regions which may indicate that the viral shell is the major subject
of deformation (e. g. #6 and #7). This hypothesis was corroborated
by performing the same experiment in empty capsids (section 5.3.3
and figure 5.3 (g) and (h)); thus, curves #6 and #7 are discarded for
core analysis. Finally, curve #8 shows non-linearity as #4, and fig-
ure 5.3 (a9) demonstrates further particle deterioration where genome
might be totally released. The last curve (#9) presents a linear behav-
ior corresponding to the protein shell attached to the surface (similar
to curves in section 5.3.3).
The core study of wild-type particle is not trivial. Given that DNA
may be released along the study, we selected for the analysis the first
curve that presented a clear non-linear behavior. In the example, we
considered an early curve to ensure that the genome was not totally
released. Moreover, a constraint of the model (section 5.3.4) used to
obtain the core stiffness is to fit up to 10% of sample depth. As the
curve #4 did not present any linearity corresponding to capsid in the
deformation adjacent to the contact point, this indentation fulfilled
the conditions for the analysis (table 5.3). Anyhow, an analysis for all
curves that were considered indentations on core was also conducted
showing similar results (table 5.4).
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Figure 5.3: Gaining access to the core. (a) Topographical evo-
lution of a wt particle with the indentation curves shown in (b). (c)
Topographical evolution of a ts1 particle with the indentation curves
shown in (d). (e) Topographical evolution of a wt particle in the pres-
ence of 1 mM spermidine with the indentation curves shown in (f).
(g) Topographical evolution of a FC31-L3 particle with the indenta-
tion curves shown in (h). The numbers indicate the correspondence
between each topography and its indentation. Indentation curves are
horizontally shifted for the sake of clarity.
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5.3.2 Core of ts1 particle
Figure 5.3 (c) shows a similar experiment performed on a ts1 particle.
In this case indentation #3 creates a large crack and the successive
curves present a non-linear dependence in contrast with the three ini-
tial curves (figure 5.3 (d)). Again, some of these curves present some
linear deformation due to capsid influence (as section 5.3.3 shows for
empty capsid), which are discarded for core analysis. Successive de-
formations also induce the progressive demolition of the particle. The
last curves show non-linear behavior which means that the AFM tip
is pushing on the viral core.
In this ts1 example, curve #7 is considered the first indentation
on core. Although curve #8 presents linear regions, the subsequent
curves are totally non-linear because the core remains condensed de-
spite the removal the top of the protein shell (as described in the
fatigue experiments in chapter 4).
5.3.3 Probing the absence of core in FC31-L3 par-
ticles
For a better understanding of the core behavior under nanoindentation
on wt and ts1 cores (sections 5.3.1 and 5.3.2), we performed the same
experiments on empty capsids (figure 5.3 (g)). In the example, nanoin-
dentations #1 to #3 remove capsomers of the facet of the icosahedral
structure facing the AFM tip, which show linearities corresponding to
deformation of the protein shell since there is no genome. The succes-
sive indentations, from curve #4 onward, are performed at the center
of the crack. These indentations show deformation that correspond
to the antipodal capsid region attached directly to the surface (inset
sketch in figure 5.3 for last curves).
Thus, the linear or non-linear behaviors in the indentation curves
are likely related to the contribution of each part of the viral particle
constitution. Linear indentations indicate the viral shell is the major
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responsible for deformation.130 Some non-linear curves (curves #2-
#6, figure 5.3 (b)) present a stepped shape linked to the uncontrolled
deformation and/or breakage of unstable shell debris surrounding the
crack. Finally, non-linear behavior reflects deformations of the viral
core for filled particles.
5.3.4 Estimation of the Young’s modulus for the
adenovirus core
All the full particle specimens showed a linear response to the first
few indentations until the protein cage was opened with a large dis-
ruption (curve #3 in figures 5.3 (b) and (d)). The response to most of
the subsequent indentations was non-linear. Some monotonic inden-
tations showed a hertzian-like nature164 (curves in figure 5.3 (b8) and
(d7)). These curves were obtained by indentations on cracks with a
size similar to the diameter of the tip apex (∼30 nm). In this situa-
tion, the AFM tip directly probes the unshielded region of the core.
Therefore, we can obtain mechanical information on the core by fitting
these curves to a hertzian model.
To obtain the Young’s modulus (E, the intrinsic stiffness of a mate-
rial) of adenovirus cores we fitted the data to the model of thin layered
samples presented by Dimitriadis et al.,164 since indentation on viral
cores are large and may have substrate influence. This model is based
on the theory of Hertz contact mechanics between a sphere and a half-
space,165 where the indenting force (F) depends on the indentation (δ)
like
F = 4E3(1− ν2)R
1/2δ3/2 (5.1)
where ν, R and E indicate the Poisson’s ratio (transverse/axial defor-
mation ratio), the indenter radius and the effective Young’s modulus,
respectively. The model has some terms that correct the substrate
contribution to the deformation for thin layered samples as follows:
F = 4E3(1− ν2)R
1/2δ3/2[1− 2α0
pi
χ+ 4α
2
0
pi2
χ2−
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− 8
pi
3(
α30 +
4pi2
15 β0
)
χ3 + 16α0
pi
4(
α30 +
3pi2
5 β0
)
χ4] (5.2)
where
χ =
√
Rδ
h
and h indicates the height of the sample. Since the viral genome may
be able to rearrange, we considered the case of not bonded substrate
as the model admits. Therefore, the constants depending on the Pois-
son’s ratio α0 and β0 are:
α0 = −0.3473− 2ν1− ν
β0 = 0.056
5− 2ν
1− ν
Since the indentation of the AFM tip in the core is better described
by considering two spheres (tip and virus) instead of a sphere and a
plane,164 we considered a radius of Rtip ∼15 nm for the sphere of the
tip (the nominal radius of the tip); and for the sphere of the core,
we took the radius as half the height h of the viral core, measured
at the nanoindentation point. Then, the effective radius R is 1/R =
1/Rtip + 1/(h/2). We assumed a Poisson’s ratio of 0.2, similar to
that previously reported for cellular chromosomes.166 Morever, as we
consider that the AFM tip does not deform (the Young’s modulus
is larger than the sample’s, 280-290 GPa167), we can assume that the
effective Young’s modulus corresponds basically to the sample (1/E =
1/Etip + 1/Ecore ≈ 1/Ecore).
To estimate the value of E from the experimental force vs. distance
curves, the Dimitriadis equation 5.2 was fitted to the data using a
MATLAB program specifically written for this task (appendix A.3).
Figure 5.4 presents a force curve on a ts1 core and its fitting for
either the Hertz contact mechanics model (red curve, equation 5.1)165
or the corrected model (blue curve, equation 5.2).164 A constraint of
the corrected model is to fit up to 10% of the sample height from
the contact point; we chose to fit a broader data range to let the
fit converge after some iterations since contact point is not easy to
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Figure 5.4: Fitting of the Hertz contact mechanics and Dim-
itriadis models onto the experimental force curve on a core.
Example of fitting performed with the MATLAB program of a force
distance curve on a ts1 core. The x axis represents the indentation
(subtraction of the piezo movement and the deflection of the cantilever)
and the y axis represents the deflection of the cantilever as described
in.164 Experimental data for the fitting are presented in green, while
the red and blue curves are the results of the fitting for the Hertz
contact mechanics model165 and the corrected model164.
determine. The fits of both models are in good agreement with the
experimental data, but the corrected model (blue) presents a lower
growth rate compared to the classical model (red), resulting in a lower
value of the elastic modulus (E). This is expected, since in this case
the substrate contribution is excluded.
Figure 5.5 (a) shows curves for 8 ts1 and 8 wt adenovirus particles
that were considered to be the first directly performed on the core.
Figure 5.5 (b) presents the results of the fitting of the corrected model
for the Young’s modulus to be Ewt=0.30±0.04 MPa (average±SEM)
and Ets1=1.2±0.1 MPa for the wt and ts1 cores, respectively (table
5.3). To ensure that the fitting of the first indentation directly reaching
the core is correct, we fitted all non-linear curves on cores showing that
the average has the same tendency (table 5.4). However, since the
genome may rearrange and be released, we conducted the rest of the
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study taking into account only the first curve on the core. Also these
Young’s modulus values may not be quantitatively precise, but they
are useful as relative mechanical parameters for the sake of comparison
between the properties of the core in different stages of viral assembly.
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Figure 5.5: Estimation of the Young’s modulus from first
indentation on exposed cores. (a) FZ (force-distance) curves cor-
responding to indentations on the core of each type of particle. (b)
Young’s modulus values obtained from Dimitriadis’ model, fitting the
curves in (a).
5.4 Interplay between adenovirus shell and
core mechanics
Virus studies at single particle level have elicited new biophysical dis-
coveries on the interplay between structure and function.10 In partic-
ular, it is generally accepted that genomes play an important role in
modulating the mechanics of virus particles.62,63,168–170 In herpesvirus
and bacteriophages, cleavage of proteins and packaging of naked ds-
DNA during maturation increases virion rigidity and stability.66,171
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It is usually assumed that capsid and nucleic acid deformations be-
have as independent springs in parallel, so that the genome mechan-
ical properties are estimated by directly subtracting the empty-shell
spring-constant from that of the full-shell.
Our experiments provide a unique approach by studying both the
combined and independent mechanics of a viral shell and its confined
genome. Intact adenovirus full particles (ts1 and wt) present higher
spring constants and breaking forces than the empty ones (FC31-L3 )
(figure 5.2), revealing a mechanical reinforcement induced by the vi-
ral chromatin. The consideration of shell and core as two springs
in parallel65 would give a rigidity value for the ts1 core kcts1=kts1-
kFC31−L3=0.08 N/m. Likewise, the spring constant of the wt core
could be obtained like kcwt=kwt-kFC31−L3=0.15 N/m. Thus, the ma-
ture viral chromatin would resemble a stiffer spring than the imma-
ture core when confined inside intact shells. However, the Young’s
modulus derived from our direct mechanical studies on cores accessed
through cracks in open particles indicate the opposite situation, with
Ewt < Ets1. That is, although the presence of the genome induces
particle stiffening as in other viruses, in adenovirus this stiffening be-
comes maximal in the mature particle, which however has a softer, less
compact core than the immature one. The higher rigidity of the wt
particle is not correlated with a higher rigidity of its core, but rather
the opposite.
Understanding the physical nature of the virus core requires dis-
cerning how chromatin decondensation relates to mechanics.172 We
can consider the Young’s modulus as a parameter for evaluating the
compaction degree of the viral core. Thus in ts1 (immature), the core
is more rigid (more condensed) than in wt (mature), because Ets1 >
Ewt. This is a direct observation of the decompaction transition un-
dergone by the adenovirus mini-chromosome during maturation .26,57
Another proof of the degree of condensation is the structural evolution
of cores along the nanoindentations cycles. Successive topographical
profiles show that the wt particles undergo a gradual loss of the core
(figure 5.6 wt) after shell breakage, although the remaining shell wall
survives for a while (figure 5.3 (a)). Assays on the empty capsid FC31-
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Figure 5.6: Topographical evolution of core release. (a) Topo-
graphical evolution of wt (left column), ts1 (second column from the
left), wt with spermidine (third column from the left) and FC31-L3
(right column). (b) Height profiles obtained at the horizontal lines in
(a). Black, blue and red colors correspond to the same code as the
frame numbers indicated in (a). (c) Evolution of the average height at
the center of the particles.
95
5. Mechanics of viral chromatin reveals the pressurization
of human adenovirus
L3 support this gradual genome loss in wt, since the profiles show a
drastic decay due to the absence genome when removing the top layer
of the capsid (figure 5.6 FC31-L3 ). In contrast, in ts1 particles (figure
5.3 (c)), successive indentations partially peel the viral shell away at
the top, but the core (figure 5.6 ts1 ) does not experience the drastic
loss of material shown by wt.159
Stiffening of virus particles associated with the presence of genetic
material may have two different origins. On the one hand, structural
changes in the shell provided by genome-capsid interaction can confer
mechanical stiffening in a similar way that beams buttress the struc-
ture of a building, as previously demonstrated for the Minute Virus
of Mice.63 On the other hand, if the genome were confined at high
pressure inside the capsid, it would generate an outwards force that
could stiffen the shell. In viruses packing naked dsDNA, such as bac-
teriophage lambda or phi29, high pressures of ∼10s of atmospheres
arise due to DNA bending and, mainly, to electrostatic repulsion be-
tween tightly packed dsDNA chains.65,173 In adenovirus, the reversed
mechanics of intact particles (kwt > kts1) and exposed cores (Ewt <
Ets1), suggests the pressurization of virions during maturation.
5.5 Screening DNA-DNA electrostatic re-
pulsion
To assess our pressurization hypothesis, we analyzed the mechan-
ics of mature adenovirus in the presence of spermidine (sp) (figure
5.2, wt+sp). Spermidine is a trivalent polyamine commonly used
to induce DNA condensates in solution160 that also actuates inside
DNA-full virus particles, eventually reducing their rigidity.65,174 In
these conditions, the spring constant of wt particles decreased from
kwt=0.56±0.02 N/m to kwt+sp = 0.50±0.02 N/m for 1 mM of sp (table
5.2). Notably, the rigidity of wt particles in the presence of spermidine
is very similar, within the error, to that of ts1. Probing the mechan-
ics of wt adenovirus cores after opening the shell in the presence of
96
5.5 Screening DNA-DNA electrostatic repulsion
spermidine (figure 5.3) yielded a Young’s modulus of 0.71±0.07 MPa
for 8 particles (figure 5.5(b) and table 5.3), that is, above that of wt
without spermidine but below that of ts1. This result indicates that
spermidine induces stiffening and condensation in the mature core,
which is, in turn, reflected in lower particle rigidity. As a control, we
observed that the rigidity of empty FC31-L3 shells did not change in
the presence of spermidine (figure 5.2 and table 5.2).
Altogether, our data strongly suggest that core decompaction dur-
ing maturation induces an internal pressure within the adenovirus par-
ticle. Moreover, the experiments in the presence of spermidine reveal
that this internal pressure is at least in part due to the electrostatic
repulsion between the negatively charged dsDNA strands. This is a
somewhat unexpected result, because the adenovirus genome is heav-
ily covered by positively charged proteins thought to screen most of
the DNA charges to facilitate genome condensation.31 Our results in-
dicate that this screening is reduced upon maturation of core proteins
VII and µ, possibly by changes in protein-DNA interactions occurring
after cleavage by the viral protease.
Previous structural studies indicated that cores released from mildly
disrupted, mature adenovirus particles contain polypeptides V, VII
and µ and have a thick (15-30 nm) fibrous appearance.33 Under more
stringent conditions, µ is lost and essentially only polypeptide VII re-
mains, forming a beaded structure with 9.5 nm beads interspersed on
the dsDNA molecule at highly variable distances (10-130 nm).32,33 Dis-
rupted immature adenovirus particles, containing the precursor ver-
sion of µ, released thicker fibers than the mature ones.26 Architectural
proteins involved in DNA condensation throughout nature have been
categorized by their role as wrappers, benders, or bridgers.175 A pos-
sible model to encompass all this information would have polypeptide
VII acting as a wrapper in adenovirus genome condensation forming
the nucleosome-like beads. The immature version of protein µ would
act as a bridger keeping together two dsDNA chains to form the thick
fiber, somehow compensating their mutual repulsion. This compensa-
tion would be lost by disruption of the bridging action of precursor µ
upon its extensive cleavage by the viral protease163 (figure 5.7).
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Figure 5.7: Cartoon
of core decondensation
model. Cartoon of the
proposed model of core
decondensation occurring
during maturation. Dashed
and full red arrows indicate
different degrees of repulsion
between adjacent regions of
the dsDNA genome. See
text for details.
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5.6 Estimation of the adenovirus internal
pressure
This section describes work by Dr. Reguera from Universitat de
Barcelona aiming to estimate the pressure due to core maturation
based on the data obtained in the AFM experiments. Three different
models are used. Two of these models estimate the pressurization in-
dependently of its physical origin, while the last one takes into account
the nature of the core.
5.6.1 Pressure estimation using Vella’s formula
We can estimate the magnitude of the internal pressure in adenovirus,
irrespective of its origin, using the continuous elasticity prediction for
the elastic constant of a pressurized thin spherical shell indented by a
point force:176
k1 =
pi
2k0
(τ 2 − 1) 12
arctanh
[
(1− τ−2) 12
] (5.3)
Here τ = pR1/k0 is a dimensionless parameter comparing the relative
strength of pressure p against the elastic constant of the unpressurized
shell k0, and R1 is the average radius of adenovirus (R1=38 nm).
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Taking k0=kts1=0.49 N/m, and k1=kwt=0.56 N/m (table 5.2), and
solving equation 5.3 for p, we obtain an estimate of 3±1 MPa (∼30
atmospheres) for the increase in internal pressure upon maturation.
5.6.2 Pressure estimation with Finite Elements
analysis
Given the relatively large thickness of the adenovirus capsid wall
(h=9.1 nm) and the finite radius of curvature of the AFM tip (Rin=15
nm), finite elements simulations were performed to corroborate the es-
timates of the pressure based on Vella’s formula (equation 5.3). Finite
elements (FE) simulations of the AFM indentation of adenovirus were
performed using the program COMSOL Multiphysics 4.3 (Comsol,
Stockholm, Sweden). The empty capsid of wt adenovirus was mod-
eled as a thick spherical shell with an external radius R=40.2 nm and
thickness h=9.1 nm (see inset of figure 5.8). The capsid wall was con-
sidered as made of a homogenous material with Young’s modulus E
and Poisson’s ratio ν=0.3 (a typical value for protein-like materials).
This model capsid was placed on a hard flat substrate and indented
by a hard spherical object with radius Rin=15 nm, mimicking the
AFM tip. The system was simulated using a 2D axisymmetric model
that was meshed with over 3300 triangular elements. The contacts
between the shell and the tip as well as the supporting surface during
indentation were implemented with a contact-penalty stiffness method
according to the COMSOL manufacturer’s manual. A parametric,
non-linear solver was used to simulate the stepwise lowering of the tip
onto the capsid. The spring constant was obtained from a linear fit of
the force versus indentation, for small indentations between 3 and 4
nm.
Figure 5.8 shows the indentation curves obtained for the model of
adenovirus capsid with a tip of Rin=15nm and a value of the Young’s
modulus E=0.28±0.02 GPa chosen to reproduce the experimental
value of the ts1 spring constant. The black line is the indentation
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Figure 5.8: Force-indentation curves obtained from Finite
Element simulations. The black line represents the values obtained
for an unpressurized capsid, and the red line corresponds to the capsid
with an internal pressure of 3.3 MPa. The inset figure shows the model
used in the simulations, where adenovirus is represented as a spherical
shell, indented on top of a hard substrate by a spherical tip.
curve for the unpressurized capsid, whereas the red line is the inden-
tation curve when the virus has an internal pressure of 3.3 MPa, that
yields a spring constant of k=0.56 N/m, identical to the experimental
value measured for wt. Taking into account the experimental error
bars (table 5.2), the estimate of the pressure in the FE simulations is
3.3±0.9 MPa (∼33 atmospheres), which is fully compatible with the
value obtained from Vella’s formula (equation 5.3).
5.6.3 Pressure estimation using polymer model
We also can rationalize the physical mechanism that builds up in-
ternal pressure in adenovirus as follows. The standard inverse spool
models used so far to justify the origin of pressure in other dsDNA
viruses177,178 are not applicable in our case, because the adenovirus
core is a mixture of dsDNA and proteins. Instead of an ordered spool,
this viral chromatin can be better modeled as a linear unbranched
polymer with a total length L=11.9 µm (corresponding to a not con-
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wt
ts1
Figure 5.9: Entropic pressure of a confined globular polymer.
Pressure generated by the confined adenovirus mini-chromosome, mod-
eled as a compact polymer, as a function of its Kuhn length b. For
wt, b=480±70 nm is required to reach 3±1 MPa of pressure. In the
case of ts1 or wt with spermidine, the mini-chromosome has a much
shorter effective Kuhn length leading to a negligible pressure.
densed 35 kbp dsDNA molecule without proteins) and made by N seg-
ments of an effective Kuhn length b and a persistence length b/2. The
Kuhn length defines also the effective radius of the viral chromatin Rg
in terms of the usual scaling expression Rg ∼ bNν , where ν is a scaling
exponent that characterizes its physical behavior. There are evidences,
at least for human chromatin, suggesting that short lengths of chro-
matin behave as a compact or globular state polymer, characterized by
a scaling exponent =1/3.179,180 When this polymer is confined inside a
sphere of radius R, its free energy is181 F ≈ kBT
(
Rg
R
) 1
ν = kBT Lb
(
b
R
) 1
ν ,
thus leading to an effective pressure
P = −∂F
∂V
∣∣∣∣∣
T
= kBT4piR3
1
ν
L
b
(
b
R
) 1
ν
(5.4)
As shown in figure 5.9, this entropic pressure generated by the con-
finement of the adenovirus chromatin can reach values of 3±1 MPa
(∼30 atmospheres) for a Kuhn length b=480±70 nm. This value cor-
responds to an effective persistence length of 240±40 nm, similar to
measurements reported for interphase chromatin in budding yeast.182
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Furthermore, spermidine reduces the persistence length of dsDNA.183
In the case of the wt particle with spermidine, a reduction of the per-
sistence length to values below 100 nm (i. e. b =200 nm) would justify
the almost complete elimination of the pressure.
5.7 Estimation of the adenovirus internal
pressure from manipulation of hex-
ons
Valuable information can be obtained from features in force curves on
viral particles, or stress-strain curves in material science (e. g. stiff-
ness and fracture from slope and the latest instability point, respec-
tively). An important point is the yield strength that determines an
irreversible change from the elastic to plastic regime where the defor-
mation of the specimen becomes permanent. Some materials present
a yield point followed by a regime where the strain grows without an
increase in stress known as yield point elongation or yielding. Some
force curves on adenovirus present a similar behavior where a step of
a few nanometers extends without force variation. In this section we
make a detailed study of this phenomenon which may help to compute
an approximation of the pressurization of adenovirus.
We performed nanoindentation on viral particles below the break-
ing force to study the steps. The force curve in figure 5.10 (center)
presents a hysteresis in the backward curve which means that an ir-
reversible structural damage happened. The forward curve (green)
shows a linear deformation until a step of 2-3 nm at a force of ∼2.5
nN appears, and then the force continues increasing linearly with the
indentation. Then the backward curve (red) presents linear behav-
ior matching the last region of the forward curve. The contact point
(force 0 nN) of the backward curve shifted laterally. Afterwards, the
topographical image reveals a vacant hexon (figure 5.10 right). Then,
the steps in force curves can be related to missing hexons in the cap-
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Figure 5.10: Generation of single hexon vacant with inden-
tation assays. Topographical images before (left) and after (right)
a nanoindentation (center) at the center of the facet demonstrate a
hexon vacant. Forward and backward curves of the nanoindentation
are depicted in green and red, respectively.
sid. Since the event occurs in the forward curve and the vacant hexon
appears in the center of the triangular facet we could guess that the
capsomer shifts inwards.
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Figure 5.11: Capsomer-
capsomer energy. The
work required to move a
hexon in the wt capsid is
higher than in the empty
capsid FC31-L3 hexon.
This higher cost could be
related to the presence
of the adenovirus core
since the capsid structure
is highly similar in both
specimens.
In the force vs. indentation graph of figure 5.10, the area enclosed
by the hysteresis cycle represents the work done by the AFM tip to
displace the hexon; or ideally, the area under the yield point elongation
(green shaded area below the step highlighted in blue of the forward
curve). A MATLAB code was developed (appendix A.4) to compute
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the spring constant of both linear regimes of the forward curve and
the area under the step. We studied 15 wt and 9 empty (FC31-L3 )
capsids. Figure 5.11 shows that a higher work is required to shift a
hexon in a wt particle than in an empty capsid (table 5.5).
The work required to move a hexon in an empty capsid is essen-
tially the same as the energy needed to break the interactions between
neighboring hexons. However in wt, the work required to move the
hexon against the genome must also be considered. Taking into ac-
count that the structure of the capsid in both particles is identical, we
can estimate the force that the genome is exerting against the capsid.
The work to remove a capsomer is ∼ 1.7 · 103 kBT for wt and
∼ 1.1 · 103 kBT for FC31-L3, converting it in Joules is ∼ 6.7 · 10−18 J
and∼ 4.5·10−18 J, respectively. The work isW = Force·displacement
and for both particles the step is ∼ 2.5 nm, then the force that moves
the capsomer is ∼ 2.8 nN and ∼ 1.8 nN for wt and empty capsid,
respectively. The difference of the exerted force is ∼ 1.0 nN. Since
the hexon diameter is 8.9 nm153 (area∼ 62.2 nm2), we can compute
that the pressure due to the presence of the viral chromatin is ∼160
atmospheres (table 5.6).
The pressure estimated from hexon displacements is much larger
than the one estimated in section 5.6. In this calculation, we are
assuming that only one hexon is pushed and the rest of capsomers
remain immutable. But the AFM tip used for the experiments has a
nominal radius of ∼15 nm, that at the indentation point where the
step event happens (7.5±0.8 nm and 4.8±0.4 nm for wt and FC31-L3,
respectively - average±SEM) reaches a contact area with a radius of
∼12 nm (contact radius using basic trigonometry: R2 = (R− d)2 + a2
where R, d and a are the tip radius, the indentation and the contact
radius, respectively; figure 5.12). This contact radius is larger than
one capsomer (8.9nm in diameter), which means that more than one
capsomer is involved in the deformation. Thus the estimation of the
pressure with this method is not very accurate and would need of a
refined model, or use a puncher with a size similar to the capsomer in
the experiment.
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Another reason for the difference in pressure estimation using hexon
displacement data could be that the comparison in this section is be-
tween empty and wt particles, while section 5.6 compares wt and ts1.
Future hexon displacements experiments should be carried out on ts1
to complete this study.
R
a
d
tip
Figure 5.12: Scheme of simplified contact area in an indenta-
tion. Estimation of the contact area radius using basic trigonometry.
An additional piece of information provided by hexon displace-
ment experiments is that the energy required to remove a hexon in
an empty adenovirus particle is ∼ 1.1 · 103 kBT. This value is lower
than the one estimated from the mechanical fatigue assays for pen-
ton release in section 4.3.2.2 (∼ 1.0 · 105 kBT - wt penton), which is
two orders of magnitude larger. Actually, the dissociation energy esti-
mated by differential scanning calorimetry (DSC) is lower for pentons
(∼ 2.9 · 103 kBT)57 than for hexons, what make sense since pentons
have five neighboring capsomers and hexons have six. Moreover, in an
icosahedral structure, the capsomers that are under a higher stress are
the ones situated in the vertices (pentons), lowering their dissociation
energy barrier and making them more prone to be released.155,184
The method presented in this section provides better accuracy to
compute the capsomer dissociation energy than the one presented in
section 4.3.2.2, since it is a direct measurement of the work supplied
to the viral capsid. In fact, the method presented in this section for
single particle and bulk techniques (DSC) assess the same order of
magnitude for capsomer dissociation energy.
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5.8 Dependence of mechanical properties
on the capsid integrity
The values of the mechanical properties presented in section 3.3.2 for
the mature virus wt and the immature ts1 are lower than the ones
obtained in the work of this chapter (section 5.8), what seemed incon-
gruous. During the progress of the new experiments, we noticed that
in the preceding work there was a high population of wt particles with
at least a missing vertex. In the new study, it was really important
that viral particles were in perfect condition and kept all the pentons.
Then, the purification was carefully carried out and the AFM sample
storage at -20 ◦C did not last more than 3 weeks to ensure the sample
preservation.185
It has been reported that the mechanical properties of pentonless
particles are affected in comparison with intact virus.66,186 In view
of this observation, we hypothesized that mechanical properties of
pentonless particles might be affected in comparison with intact virus.
To assess this possibility, we heated at 40 ◦C for 5 minutes the new
AFM sample of wild-type adenovirus diluted in the same buffer (HBS
with NiCl2 5 mM) before the substrate incubation. Heating at 40 ◦C
causes viral particles to lose at least a vertex.57 It was necessary to
add 10% glycerol to the buffer to avoid particle clusterization. Then
we proceeded to wash the AFM sample with the same buffer solution
without glycerol and acquire data. We discerned between wt particles
that showed clearly at least a missing penton and intact viruses. The
mechanical properties of heated intact wt particles showed a slight
decrease which means that, although viruses looked untouched some
not clearly disrupted particles leaked out in the statistics (figure 5.13
and table 5.7). Obvious pentonless particles showed a lowering in the
mechanical parameters to levels of the values presented in the work of
section 3.3.2.57
However, one can think that in this process of losing a vertex the
viral genome might be released and this could be the cause of particle
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Figure 5.13: Stiffness variation of heated viruses. The rigidity
of viral particles decreases due to penton loss. The wt and empty capsid
decreases the same ratio when heated, what means that reduction is
due to structural damage (pentonless) and not to genome release that
may explain the difference in the average of data of wt virus in this
section and section 3.3.2
softening. To assess this point, we repeated the same experiment for
empty particles (FC31-L3 ) under the same conditions. We observed
that FC31-L3 was less thermo stable than full particles because there
was a small population of intact particles. Moreover, figure 5.13 (a)
shows that the stiffness presents a lower value than the non-heated par-
ticles but without reaching the pentonless value, and it also presents a
larger dispersion (and table 5.7). It is also remarkable to mention that
the breaking force presents a similar tendency to the stiffness (figure
5.13 (b)).
The ratio for stiffness (wt new purification)/(wt heated pentonless)
is ∼1.3 and for (FC31-L3 )/(FC31-L3 heated pentonless) is ∼1.4, in-
dicating that the decrease in stiffness is upon heating and releasing
at least one penton is due to structural damage and not to genome
release.
These observations suggest that one should not take the value of
any property as an absolute value, but relative differences between
different conditions is what counts. The ratio in stiffness for wt/ts1
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values from table 3.2 is ∼1.2, and for the improved data is ∼1.1 (table
5.2 and section 5.8), which do not present a big change in the relative
difference of the mechanical properties caused during maturation of
adenovirus.
5.9 Conclusions
By opening mature and immature adenovirus cages we gained ac-
cess to the viral chromatin and provided the first direct experimental
analysis of the mechanics of a confined DNA-protein condensate. We
found the mechanical signature of adenovirus core decompaction as a
reduction of the Young’s modulus during maturation. Contrariwise,
mechanics of intact particles showed that mature particles are stiffer
than the immature ones. Combination of these experimental observa-
tions with theoretical models substantiates that core decondensation
during maturation pressurizes adenovirus. It is remarkable that the
confined adenovirus genome, in spite of having part of its charges neu-
tralized by proteins, still induces a significant internal pressure, that
we estimate at ∼30 atmospheres considering that the confined viral
chromatin behaves as a compact polymer with an effective persistence
length of 240±40 nm. Uncleaved core proteins in the immature parti-
cle or spermidine in the mature virion act as DNA condensing agents,
reducing its effective persistence length and concomitantly the pres-
sure due to its confinement.
The pressure value estimated for adenovirus may be striking com-
pared to viruses with portal reported in previous works, since the pe-
culiarity of this virus is that some viral proteins condense the genome
inside the capsid. Smith et al.187 measured with optical tweezers the
force that the DNA-packaging motor of bacteriophage φ29 applies up
to 50 pN, estimating a pressure of 6MPa (∼60 atmospheres). Later,
Hernando-Pe´rez et al.65 verified with AFM that the pressurization of
φ29 was ∼40 atmospheres, a work that inspired this chapter of this
thesis. On the other hand, the presence of polyethylene glycol in so-
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lution (PEG – a flexible and water-soluble polymer) creates very high
osmotic pressures that in bulk experiments suppresses DNA ejection
in bacteriophage λ estimating a internal pressure ∼20 atmospheres;168
the same experiment for Herpes simplex virus type 1 (HSV-1) led to
similar results (∼18 atmospheres), the first evidence of internal pres-
sure in a eukaryotic virus.161
Tailed bacteriophage and herpesviruses use this internal pressure
to start genome ejection through a portal system, leaving the intact
shell behind.161,188,189 Adenovirus capsids, on the other hand, can be
partially disrupted without ejecting their genome, and do so only after
complete disassembly.57,159 Penton detachment during the first stages
of adenovirus entry is crucial for initiating uncoating.38,47,57 Structural
studies have not revealed differences between the wt and ts1 particles
directly affecting penton capsomers.26,54 However, it is clear that facil-
itating penton release under mild stressful conditions is one of the key
effects of maturation.57,159 We propose that pressurization induced by
decompaction of the viral chromatin provides a biophysical destabi-
lization of pentons in wt particles. Therefore, pressurization induced
by maturation may facilitate the beginning of the stepwise disassem-
bly in mature adenovirus, enabling its escape from the endosome for
successful infection.
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Tables
Par$cle	   Average	  height	  (nm)	   SEM	  (nm)	   n	  
FC31-­‐L3	   85.5	   0.1	   97	  
FC31-­‐L3+sp	   85.97	   0.08	   40	  
ts1	   86.4	   0.2	   57	  
wt	   85.9	   0.1	   96	  
wt+sp	   85.87	   0.09	   46	  
Table 5.1: Height of the viral particles. Average height and stan-
dard error of the mean of the particle heights. Neither the attachment
surface, nor spermidine, nor viral core condition affect capsid main
structure since the height is preserved within the error for all particles
close to the nominal height (88 nm).
Par$cle	   Spring	  constant	  (N/m)	   n	   SD	  (N/m)	   SEM	  (N/m)	   Force	  (nN)	   n	   SD	  (nN)	   SEM	  (nN)	  
FC31-­‐L3	   0.41	   61	   0.11	   0.01	   2.6	   51	   1.0	   0.1	  
FC31-­‐L3+sp	   0.424	   32	   0.032	   0.006	   2.9	   32	   0.9	   0.2	  
ts1	   0.49	   20	   0.16	   0.04	   3.0	   20	   1.1	   0.2	  
wt	   0.56	   77	   0.15	   0.02	   5.0	   65	   1.2	   0.1	  
wt+sp	   0.50	   41	   0.16	   0.02	   5.4	   41	   0.8	   0.1	  
Table 5.2: Mechanical properties of viral particles. Table sum-
ming up the mechanical data, including rigidity and breaking force.
The number of cases is higher in the stiffness than in the fracture
strength analysis for wt and FC31-L3 due to the inclusion of data
from the hexon displacement study (section 5.7). Averages of the
spring constant values and the breaking force obtained as described
in section 3.3.2.
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Par$cle	   Hertz	  (MPa)	   SEM	  (MPa)	   Dimitriadis	  (MPa)	   SEM	  (MPa)	   n	  
ts1	   1.3	   0.1	   1.2	   0.1	   8	  
wt	   0.35	   0.05	   0.30	   0.04	   8	  
wt+sp	   0.81	   0.09	   0.71	   0.07	   8	  
Table 5.3: Young’s modulus estimated from the first FZ on
cores. Table of the Young’s modulus obtained from the first force
curve (FZ) performed on viral cores for each type of particle studied.
Average of 8 wt, 8 ts1 and 8 wt with 1 mM spermidine particles for the
classic theory of hertzian contact stress between two elastic spheres
(Hertz)165 and a model with corrections for thin samples (Dimitri-
adis)164.
Par$cle	   Hertz	  (MPa)	   SEM	  (MPa)	   Dimitriadis	  (MPa)	   SEM	  (MPa)	   n	  
ts1	   1.8	   0.3	   1.6	   0.3	   47	  
wt	   0.42	   0.05	   0.34	   0.04	   40	  
wt+sp	   0.96	   0.05	   0.85	   0.04	   53	  
Table 5.4: Young’s modulus estimated from all FZ on cores.
Table of the Young’s modulus obtained for all force curves (FZ) per-
formed on viral cores for each type of particle studied. Average of 47
wt, 40 ts1 and 53 wt with 1 mM spermidine particles for the classic
theory of hertzian contact stress between two elastic spheres (Hertz)165
and a model with corrections for thin samples (Dimitriadis)164.
Par$cle	   Energycapsomer-­‐capsomer	  (kBT)	   SEM	  (kBT)	   n	   Force	  (nN)	   SEM	  (nN)	   n	   Step	  (nm)	   SEM	  (nm)	   n	  
FC31-­‐L3	   1.9·∙102	   0.2·∙102	   9	   1.8	   0.1	   9	   2.5	   0.3	   5	  
wt	   2.8·∙102	   0.3·∙102	   15	   3.1	   0.2	   15	   2.4	   0.3	   13	  
Table 5.5: Data for hexon displacements. Results and standard
error of mean obtained from the analysis of steps in force curves on
wt and FC31-L3 particles that resulted in hexon displacements. The
table presents the energy to break interactions among one capsomer
and a neighbor, the force at the event, and the length of the step.
Some cases, where two displaced hexons were observed, have been
used to compute the capsomer-capsomer energy taking into account
the number of neighbors.
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1.1·103 0.1·103 4.5·10-18 0.4·10-18 2.5 0.3
wt 1.7·103 0.2·103 6.7·10-18 0.8·10-18 2.4 0.3
Par�cle Faverage (nN)
Par�cle Workhexon(kBT) SEM (kBT) Workhexon (J) SEM (J) Step (nm) SEM (nm)
FC31-L3
error (nN) ΔF (nN) Areahexon (nm2) P (atm) error (atm)
FC31-L3 1.8 0.3
1.0 62.2 1.6·102 0.9·102
wt 2.8 0.3
Table 5.6: Estimation of pressure from hexon displacement
assays. From the capsomer-capsomer interaction energy (table 5.5) we
can estimate the energy required to move one hexon for wt and FC31-
L3, and the average force that carries out the work. The difference in
force for a hexon in wt and in FC31-L3 is the work against the genome.
Taking into consideration the hexon as a disc, we can estimate the
pressure exerted by the wt core.
Par�cle Spring constant (N/m) SEM (N/m) n Force (nN) SEM (nN) n
wt (new data) 0.56 0.02 77 5.0 0.1 65
wt heated pentonless 0.51 0.05 25 4.8 0.2 25
wt heated pentonless 0.42 0.06 18 3.2 0.2 18
wt (old data) 0.46 0.02 25 3.3 0.2 25
FC31-L3 0.41 0.01 61 2.6 0.1 51
FC31-L3 heated pentonless 0.36 0.08 7 1.7 0.4 7
FC31-L3 heated pentonless 0.29 0.03 32 1.7 0.1 32
NO
NO
Table 5.7: Data of the stiffness of heated viruses. Data depicted
in figure 5.13 for stiffness diminution due to structural damage by
heating that may explain the difference in the average of data of wt
virus in sections 3.3.2 and 5.8.
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Chapter6
Fluorescence tracking of genome
release during mechanical
uncoating of single viruses
6.1 Introduction
In the previous chapter 5, we saw that the viral maturation may be
essential for the confined virus genome to reach a metastable state
that prepares virus for infection. Moreover, we proved in chapter 4
that pentons are the first capsomers to be released, and that the par-
tially disrupted capsid lasts a while before total collapse, as described
for the in vivo transport from endosomes to nuclear pore complex in
the cell.38,48,49,190,191 But the question about how genome is released
remained unanswered in viral disassembly AFM experiments.
As reported in chapter 1, the adenovirus genome is a minichro-
mosome composed of dsDNA and some condensing proteins.30–33,192
The exact architecture of this DNA-protein core is unknown. In the
adenovirus assembly, the maturation step is essential for the viruses
to become infectious.18,149 During this step, the viral protease (AVP)
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that is packed in the capsid cleaves the condensing proteins along with
other capsid proteins,18,163 which leads to a change in the organization
of the viral core as observed by electron microscopy.26,57 The tem-
perature sensitive adenovirus mutant ts1 fails to package functional
protease, contains uncleaved core proteins and is not infectious.149
In this chapter, we combine AFM and single molecule fluorescence
microscopy to simultaneously induce and observe genome uncoating
for wild type and ts1 adenovirus. The combination of these techniques
allows simultaneous manipulation and imaging of samples, which has
been applied for the measurement of mechanical properties of single
proteins and the tracking of specific components in complex assem-
blies.193–195
The results presented in this chapter were obtained thanks to a
joint effort with Dr. Bodensiek, during my short-term research visit
at the group of Dr. Schaap in Georg-August-Universita¨t Go¨ttingen, in
collaboration with Prof. Dr. Greber from University of Zurich.
Figure 6.1: AFM-induced disassembly of adenovirus in the
presence of YOYO-1. First the pentons are released, followed by
complete disassembly. To track the genome release, the experiments
are performed in the presence of YOYO-1 dye-molecules (dark green
circles) that become fluorescent after binding to DNA (bright green
stars).
114
6.2 Combining single molecule fluorescence with high
resolution AFM
6.2 Combining single molecule fluorescence
with high resolution AFM
Atomic force microscopes enable disrupting,131,196 manipulating133,145,171
and disassemblinging156,159 protein shells by the application of forces
in a controlled way. AFM can only resolve fixed particles on surfaces,
what means that flexible materials and particles is suspension can-
not be imaged. Thus, induced genome release in adenovirus cannot
be resolved by AFM,159 since DNA is flexible and may float in the
medium. Monitoring detailed effects of biomolecular mechanics needs
of the combination of single molecule manipulation methods and de-
tection techniques.194
Figure 6.2: AFM-
TIRF microscope
scheme. The main
parts of the coupled
AFM and TIRF mi-
croscope are depicted
in the scheme. The
camera that records
the fluorescence signal
and the excitation
laser to excite the
dye, were mechanically
and thermally isolated
from the AFM to limit
heat and vibration
transmission. Courtesy
of Dr. Schaap.
Genome exposure can be tracked with a DNA specific intercalat-
ing fluorescent dye (YOYO-1 – Life Technologies, CA, USA) that can
only access the DNA after the capsid had been opened up (figure 6.1).
YOYO-1 is a dye which shows an increase in fluorescence intensity
of 3 orders of magnitude upon dsDNA binding.197 To be able to col-
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lect fluorescent signals from the released virus genomes during AFM
manipulation, the group of Dr. Schaap integrated and designed a
single molecule fluorescence microscope in a commercial AFM (Asy-
lum Research, MFP-3D, CA, USA). To excite only the fluorescent
dye molecules close to the surface we used a total internal reflection
fluorescence (TIRF) layout. This is necessary to minimize the back-
ground signal from the AFM probe itself that remains largely out of
the evanescent excitation field.198
An EM-CCD (electron multiplying charged coupled device – Luca
S-659 cooled EM-CCD, Andor technology, UK) camera and the laser
source (both at the right in figure 6.2) for the fluorescence microscope,
are mechanically decoupled from the AFM to prevent the transmission
of noise. We used an exposure time of 100 ms per TIRFM frame, which
resulted in an acquisition frame rate of 7.5 Hz.
The AFM head rests on the custom-made inverted microscope (fig-
ure 6.2). A microscope coverslip that holds the sample is mounted onto
the AFM xy-piezo stage, such that the AFM probe has access from
above. Optical access is obtained from below through a TIRF objec-
tive (100x, NA 1.49, Nikon Instruments, Japan). Excitation of the
fluorescent molecules is performed by a 488 nm laser (Nichia, Japan)
coupled into a single-mode fiber. After collimation of the fiber output,
the laser beam is coupled into the path of the optical microscope. As a
first mirror we use a closed-loop adjustable galvo mirror. Because this
mirror is placed in a plane that is conjugate to the focal plane, we can
adjust the angle of the excitation beam. The parts of the combined
microscope indicated by the orange box (figure 6.2) rest on an active
vibration isolation within an acoustic enclosure.
For the adenovirus genome mechanical unpacking measurements
with AFM, the viral particles were firmly immobilized via Ni2+ ions
to a freshly cleaved mica substrate as described in section 3.2.3.1.
To enable the use of a high numerical aperture (NA) microscope ob-
jective for fluorescent imaging, we glued a very thin (∼ tens of µm)
circular punched mica slice with an optical adhesive to a coverslip.
The refractive index of the optical adhesive (1.54, Norland products,
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ncoverslip=1.53
nglue=1.54
nmica=1.55-1.62
nbuffer=1.33
>
>
>
Figure 6.3: Glued mica on
glass for TIRF. To allow
the blue light excitation laser
reach the sample, it was nec-
essary to use an optical glue
with an intermediate refrac-
tive index between mica and
glass. Adapted from the the-
sis of Dr. Bodensiek.199
NJ, USA) was chosen between that of mica (1.55-1.62) and the mi-
croscope coverslip (1.53) to ensure total internal reflection at the mica
buffer interface (figure 6.3).
Figure 6.4 shows that this solution provides single fluorescent mol-
ecule sensitivity in the presence of the AFM probe. For the actual
genome unpacking experiments the light angle was set at 64◦ to elim-
inate the background signal from the AFM probe. Moreover, the
work was developed using rectangular cantilevers RC800PSA (Olym-
pus,Tokyo, Japan) with nominal spring constant of 0.39 N/m, which
do not have gold-coated tips to avoid dye molecule quenching.200,201
Figure 6.4: Fluorescence sig-
nal from AFM probe and
sample at different illumina-
tion angles. Background sig-
nal from the AFM probe (in
surface contact, red) compared
to the intensity from single dis-
rupted viruses (green). Sufficient
signal-to-noise is only available in
the TIRF regime, which starts at
61◦, where the signal from the
AFM probe drops to much lower
values than the virus.
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6.3 Slow genome unpacking by mechani-
cal fatigue
First, we verified that we could monitor the exposure of the viral
genome during gradual mechanical uncoating of the virus. To this
end we mimicked the uncoating process of human adenoviruses with
fatigue experiments explained in chapter 4. Since this microscope can
not operate in Jumping Mode, we scanned the samples in amplitude
modulation mode at an oscillation amplitude of less than 10 nm at≈15
kHz (section 2.1.4.2). Intact viruses were located by scanning large
areas, and then reducing the scan size to 400x400 nm2 and 128x128
pixels2. Single capsids were repeatedly and gently scanned assuring
to work below the rupture strength, which ultimately resulted in a
stepwise disruption of the shell.159 Figure 6.5 and Movie 1 ACSNano
(movie caption at the end of the chapter) show a mechanical fatigue
disruption experiment performed on a mature adenovirus particle.
YOYO-1 was present in the buffer at 300 nM to monitor the exposure
of the genome.
The particle was imaged 21 times (where each scan line was per-
formed forward and backward). After each AFM frame the scan was
stopped, the excitation laser was switched on and 10 fluorescence im-
ages were recorded and averaged. For the next AFM frame, the laser
was turned off to limit bleaching of the YOYO-1 dye molecules. The
first AFM frame in figure 6.5 (a) shows the scan of the intact viral
particle. The first fluorescence frame presents background noise con-
firming that the capsid is intact and the dsDNA is inaccessible to
YOYO-1. In AFM frame 7, the viral particle has lost its first vertex
(penton, indicated with a circle). In the corresponding fluorescence
frame 7 a dim intensity spot appeared, which remained stable until
frame 16. From AFM frame 17 new defects appeared until at frame 21
the particle was completely disrupted. The corresponding fluorescence
frames show that the emission intensity (figure 6.5 (b)) increases with
capsid disruption, which indicates that the DNA genome becomes in-
creasingly accessible to YOYO-1 and remains co-localized with the
118
6.3 Slow genome unpacking by mechanical fatigue
0 2 4 6 8 10 12 14 16 18 20 22
0
20
40
60
80
100
capsid disruption
Av
er
ag
e 
he
ig
ht
 (n
m
)
scan #
 AFM particle height
penton loss
0
100
200
300
400
500
 Fluorescence
Fluorescence em
ission (a.u.)
a
b
A
FM
TI
R
F
1 7 17 18 21
40 nm
1 7 17 18 21
1.2 μm
Figure 6.5: Slow unpacking of adenovirus genomes. (a) The
first row shows the key AFM images of the fatigue experiment of a
mature particle obtained in dynamic mode. The second row indicates
the loss of the first penton in frame 7 with a circle. The ellipse in
frame 17 shows the nucleation point for further disruption. The arrows
indicate the direction of further disassembly in this experiment. After
each scan, the fluorescence intensity was collected to monitor genome
exposure. The time between consecutive images was 2 minutes. See
also Movie 1 ACSNano. (b) Evolution of the average height (left axis,
orange) and fluorescence emission (right axis, green) corresponding to
the fatigue experiment.
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capsid. The genome itself remains invisible in the AFM scans due to
its softness and mobility. This experiment shows that the method is
sensitive enough to detect the release of a single pentameric capsomer
via an increase in fluorescence intensity.
6.4 Fast genome unpacking by nanoin-
dentation assays
Because capsid disassembly during fatigue experiments may be a sto-
chastic process,159 the slow genome unpacking assay would result in
a distribution of capsids at various stages of uncoating and thus in a
high variability of the fluorescent signals obtained from different parti-
cles. To synchronize disassembly, we sought a method for fast removal
of the capsid, so that we could investigate the physical state of the
viral genome itself. A routine was implemented in the AFM controller
software to generate a trigger for the EM-CCD camera to acquire the
AFM and fluorescence data at the same time during the unpacking
experiments.
Figure 6.6 (a) shows that the capsid can be completely disrupted
within 0.5 s by performing a single force curve at a speed of ≈0.4
µm/s with a maximum force of around 15 nN, well above the rup-
ture strength of the capsid as described in section 3.3.1. Prior to the
force curve the capsid was intact, while afterward it was completely
disassembled leaving the viral core exposed.
No fluorescent signal was present before the force curve: the in-
tensity of fluorescence emission corresponds to the background noise.
When the AFM tip touches the capsid (at 2.2 s) the force increases.
The sudden downwards step (at 2.3 s) occurs when the AFM tip breaks
the virus. The corresponding time trace of the experiment (figure 6.6
(b)) confirms that the intensity of the fluorescence signal increases at
that moment, and remains high after the AFM probe has retracted
(Movie 2 ACSNano). A bright spot appeared due to the viral genome
120
6.4 Fast genome unpacking by nanoindentation assays
a
A
FM
TI
R
FM
0 1 2 3 4
0
3
6
9
12
15
Fo
rc
e 
(n
N
)
time (s)
0
200
400
600 photons above background
b
80 nm
800 nm
Figure 6.6: Fast unpacking of adenovirus genomes. (a) The
first row shows the AFM topography of a virus particle before and
after mechanical disruption. The second row shows the appearance
of a fluorescent spot after disruption. (b) Temporal evolution of the
force (left axis, orange) and fluorescence (right axis, green) during the
nano-indentation experiment. See also Movie 2 ACSNano.
becoming accessible to the YOYO-1 dye (figure 6.6 (a)). With the fast
unpacking assay we can synchronize the fluorescence intensity curves
with sub-second accuracy which provides a method to investigate the
changes in genome organization in more detail.
6.4.1 Maturation increases the accessibility of the
adenovirus core for YOYO-1 molecules
To investigate if the structural differences between the viral cores of
the mature and immature adenovirus have an effect on their diffu-
sion after release, we repeated the fast genome unpacking assay on wt
and ts1 particles. If the viral core remains compact after unpacking,
which we expect for the immature particle, it will be difficult for the
dye to access binding sites. If, on the other hand, the nucleoprotein
complex expands after unpacking, binding of the dye to the DNA will
be enhanced.
We performed fast unpacking experiments on 16 mature and 17
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Figure 6.7: Average fluores-
cence emission of viruses af-
ter fast unpacking. The av-
erage fluorescence emission af-
ter breakage for mature (blue,
n=16) and immature (green,
n=17) adenovirus particles. The
error bars show the standard er-
ror of the mean (SEM). 0 20 40 60 80
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immature adenovirus particles and recorded the fluorescence intensity
for 80 seconds after opening the capsids. Figure 6.7 shows the average
fluorescence emission for both cases. Consistent with the behavior
shown in figure 6.6 (b), the emission rises sharply after rupturing
the capsids and continues to increase slowly afterward. This increase
represents the average rate of binding and bleaching of the YOYO-1
molecules. Under our conditions, the binding rate of new YOYO-1
molecules is higher than their bleaching rate. The averaged signal for
the mature virus genomes is higher than that of the immature ones.
This agrees with a looser organization of the mature core which leads
to a better accessibility of the dye to dsDNA.
6.4.2 The mature adenovirus core expands after
release
To further evaluate the possible expansion of the mature genome after
fast unpacking, we measured the size of the fluorescent spot. The
diffraction limited resolution of our optical system restricts the size of
the smallest spot that we can observe to a size of about 200 nm which
is larger than the intact virus (95 nm). However, if the labeled sample
is a collection of spatially spread point sources, this will lead to a
dilation of the imaged spot from which we can estimate the expansion
of the viral core. We quantified the width by fitting a 2D gaussian
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function to the imaged fluorescent spots:
f(x, y) = z0 + A · exp
[
−
(
(x− x0)2
width2
+ (y − y0)
2
width2
)]
(6.1)
where z0 is the noise floor, x0, y0 the center and A the amplitude of
the spot. The width is the reported parameter.
Dr. Bodensiek and Dr. Schaap measured if the exact focus position
and the collection of spatially spread point sources had a large effect on
the measured spot size. They attached 100 nm diameter fluorescent
beads (TetraspeckTM, Life Technologies, CA, USA) to the surface
and changed the z-focus in steps of 50 or 100 nm. The spot size
was obtained by using the width of the Gauss fit (equation 6.1). For
glass (red, figure 6.8) the minimum width was 148 nm, larger than the
theoretical spot size of a point source (71 nm) due to the convolution
of multiple point sources that result from the use of a 100 nm diameter
bead. For mica (green, figure 6.8) the width increased to 208 nm, due
to the refractive index mismatch. When 200 nm diameter fluorescent
beads (Fluoresbrite, Polysciences Europe GmbH, Germany) were used
on mica, the fitted width further increased to 253 nm (blue, figure 6.8),
which shows that the fitted width scales with the size of the object.
In all cases a change of focus of ± 250 nm had little effect on the spot
size.
Figure 6.8: Fluorescent spot
size at different focus posi-
tions. Measured spot size of at-
tached 100 nm diameter fluores-
cent beads on glass (red, n=3)
and mica (green, n=3), and 200
nm beads on mica (blue, n=3).
When we compared the spot sizes
from 100 nm and 200 nm diame-
ter fluorescent beads we found an
increase in width from 208 nm to
253 nm.
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To compare the genome condensation state in both types of ade-
novirus particles, we determined the fluorescence spot size in each
frame of all studied particles. To obtain the mean width, all fluores-
cence frames were averaged and the resulting image was fitted with a
2D Gauss function. Figure 6.9 (a) shows the average fits for all par-
ticles, revealing that the mature core shows a spot width of 295 nm,
which is much larger than the 229 nm of the immature core. This
expansion of 66 nm represents a lower limit, while further diffusion of
the genome may be hindered by the surface-immobilized remainder of
the capsid as shown in figure 6.6 (a).
To investigate the temporal evolution of the core expansion we
plotted the fitted width of each frame as a function of time. Figure
6.9 (b) shows that the expansion occurs directly after opening the
capsid with the AFM probe and remains fairly constant afterward.
The apparent width of the mature particle genome was more variable
at the beginning of the observation, and became smaller after ∼20
s, possibly suggesting photocleavage of mobile extended parts of the
genome.202
6.5 Biological context
Tracking experiments of single viruses in cells have shown that the
viral genome is already exposed to the cytosol before the capsid docks
at the nuclear pore complex.49 DNA is accessible to small organic
probes, which implies that solutes from endosomes or the cytosol,
such as ions can access the viral DNA. In vivo, the removal of the
pentameric capsomers might be initiated at the cell surface and con-
tinues in the endosomes.38 Our slow unpacking experiments with the
combined TIRF-AFM instrument are fully consistent with these ob-
servations by proving that the removal of only one capsomer sufficed
to expose the viral dsDNA to the YOYO-1 molecules in the buffer.
The fast unpacking experiments induce the particle disruption and
allow tracking of the genome release on the sub-second timescale. In
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Figure 6.9: The spatial spread of the mature and imma-
ture adenovirus genomes. (a) Graph shows the average fits for
all genomes. The error bars show the SEM. The immature adenovirus
genome (green, n=16) has a width of 229 nm. This lies in the range
of what was observed in control experiments with 100 and 200 nm
diameter fluorescent beads that showed widths of 208 and 253 nm, re-
spectively (figure 6.8). The width of the mature particle genome (blue,
n=17) is expanded by 66 nm to 295 nm. (b) To verify if the observed
dilation evolves over time each individual frame was fitted with a 2D
Gauss function. Each data point shows the mean of the frames from
the different viruses. The error bars show the SEM.
vivo, about 60 minutes pass between the uptake of the virus and DNA
release into the nucleus.49,148,203,204 The disruption of the capsid at
the nuclear pore complex likely happens much faster, owing to several
virus uncoating and transport steps that are upstream of the nuclear
pore complex, the site of capsid disruption.38,41,205,206 The main driver
of capsid disassembly at the nuclear pore complex is the conventional
kinesin motor,50 which has a stepping rate of about 10 ms.207 The
temporal resolution of our fast unpacking experiments could be realis-
tically increased by an order of magnitude by performing faster force
curves and using higher video frame rates.
The unpacking experiments showed directly the differences in con-
densation between the mature and immature adenovirus cores. The
mature core was more accessible to YOYO-1 molecules and showed
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a larger spreading after fast unpacking. The spatial expansion of the
mature genome occurs immediately after unpacking which indicates
that it is kept under stress when packed. Indeed, AFM measurements
have shown a ≈20 % increase in the stiffness of mature adenovirus
over the immature particle,57 which suggests an internal pressure that
is exerted by the confined genome (chapter 5). Interestingly, our mea-
surements show that although the mature core expands more, it still
retains a somewhat compact organization and does not completely un-
fold. Although this might be influenced by the affinity of the genome
for the remaining surface-bound capsid proteins, it is intriguing that
also tracking of single adenoviruses in infected cells showed that many
uncoated viral genomes remained in the cytosol and did not enter the
nucleus.49
6.6 Conclusions
The transient and dynamic nature of viral uncoating presents a sig-
nificant challenge for investigations at the molecular level. Genome
release of human adenovirus has been measured in bulk by fluorescent
detection of the genomes after thermal or chemical disruption of the
capsids.26,57,147 At the single particle level, DNA ejection has been vi-
sualized in bacteriophages and herpesviruses.208,209 As we have seen
in chapter 4, AFM has been successful in imaging the disassembly
of adenovirus capsids, but the release of the soft and mobile nucleic
acid molecules remained invisible in such experiments because AFM
imaging demands an immobilized sample. On the other hand, sin-
gle molecule fluorescence allows specific tracking of DNA dynamics
and provides a tool to visualize genome release. In this chapter we
presented a “action-reaction” method that enables triggering and de-
tecting the virus genome release.
We found that the core of the wild type adenovirus expands more
and has better accessibility to the fluorescent dye than the ts1 core,
which indicates a loosening of its architecture upon maturation. The
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reported expansion of the mature adenovirus genome might provide
the mature core with the essential flexibility to pass through the nar-
row nuclear pore complex, which would contribute to infectivity. This
loss of structural organization may be important for viral transcription
in the cell nucleus.
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Movies
Movie 1 ACSNano: Slow unpacking of wild-type adenovirus.
Three-dimensional rendered AFM images show the temporal evolution
of the virus integrity correlated with fluorescence microscopy emission
images. The shown virus capsid is the same as the one shown in fig-
ure 6.5. The small changes in the vertical dimensions of the capsid
is a consequence of the alternating scan direction (up-down scan di-
rection is always followed by a down-up scan). The movie is sped up;
the whole experiment took 40 minutes for the 21 AFM frames. The
movie is available in the supporting information of Ortega-Esteban
& Bodensiek et. al, 2015: http://pubs.acs.org/doi/abs/10.1021/
acsnano.5b03020 as nn5b03020 si 002.avi.210
Movie 2 ACSNano: Fast unpacking of wild-type adenovirus.
Fluorescence emission while executing a nano-indentation on an intact
virus capsid. On the left side, the whole field of view of the camera
is presented. It can be observed that there are already some spots of
light corresponding to broken viruses or dsDNA deposited on the sub-
strate. On the right side, a zoom shows how the fluorescence emission
increases while the viral particle is disrupted as presented in figure 6.6.
100 frames are shown that correspond to approximately 13 s of real
time. The movie is available in the supporting information of Ortega-
Esteban & Bodensiek et. al, 2015: http://pubs.acs.org/doi/abs/
10.1021/acsnano.5b03020 as nn5b03020 si 003.avi.210
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General conclusions
In this thesis we have used atomic force microscopy to characterize dif-
ferent assembly states of human adenovirus in physiological conditions:
the infectious, mature wild-type and the non-infectious, immature ts1
particles.
• Characterization of human adenovirus with AFM
1. We found that adenovirus particles attach firmly to mica in
the presence of divalent ions in the medium, settling down
on the 3-fold symmetry orientation without modifying their
structure.
2. The use of Jumping Mode Plus allowed imaging adenovirus
in liquids, resolving intracapsomeric structure by minimiz-
ing the damage to the sample.
3. In adenovirus, mechanical parameters do not correlate with
thermal or chemical stability. The adenovirus mature cap-
sid is brittle and stiff compared to the elastic immature
particle, presenting a spring constant of 0.46 N/m and 0.38
N/m, and breaking force 3.3 nN and 2.3 nN, respectively.
• Monitoring dynamics of human adenovirus disassembly
induced by mechanical fatigue
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1. Taking advantage of the imaging mode Jumping Mode Plus,
we presented a method to quantify an approximation of me-
chanical fatigue for single virus particles. The method en-
ables to apply very accurate and controlled forces while at
the same time imaging the sample. We induced mechanical
fatigue of a capsid by repeatedly applying 100 pN forces,
well bellow the breaking force (nN). This method allows to
monitor in real time the sequential disassembly of a virus
particle at single molecule level.
2. Topographical height evolution was used to estimate capsid
integrity. The final heights for mature particles reached
lower values than for the immature, indicating that in the
latter the genome remains condensed due to the presence
of since precursor core proteins.
3. The method is accurate enough to reveal penton stabil-
ity, which correlates with the chemical and thermal bulk
techniques results. The probability to cause release of a
penton in one scan is 1.85 times lower for wt than for the
ts1, showing that the immature capsomers are more stable.
Moreover, the results show that under a mild disruption
force, pentons of a virus are released sequentially.
4. The disassembly pathways is different for the two analyzed
viral variants. Mature capsids unzip from a single fracture
in the shell that starts at a penton vacancy and spreads
through the remaining shell in a highly cooperative way,
while in the immature particle cracks spread from the miss-
ing vertices and coalesce roughly following the icosahedron
edges. An observation from the present study is that a
source of stress so far removed from the in vivo situation as
mechanical fatigue results in the same disassembly pattern
induced by cellular cues.
5. Particle lifetime decreases as the applied force increases.
We presented the first approximation for a S-N curve of
biological material at single particle level.
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• Mechanics of viral chromatin reveals the pressurization
of human adenovirus
1. Using controlled capsid disassembly assays, we gained ac-
cess to the viral chromatin and provided a direct experi-
mental analysis of the mechanics of a confined DNA-protein
condensate. We found the mechanical signature of ade-
novirus core decompaction as a reduction of the Young’s
modulus during maturation (Ets1 = 1.6 MPa > Ewt = 0.34
MPa).
2. The mechanical properties of the viral particles depend
greatly on condensation state of the genome. Empty cap-
sids are softer (0.41 N/m) than immature ts1 adenovirus
(0.49 N/m) which in turn is softer than the wt particle (0.56
N/m).
3. Mature virus recovers the mechanical properties of the im-
mature particle in the presence of DNA-condensing polyamines,
which proves the existence of electrostatic repulsion in the
minichromosome.
4. The capsid and core stiffness mechanical contrast leads to
the idea that core loosening pressurizes adenovirus particles
in maturation. Uncleaved core proteins in the immature
particle or spermidine in the mature virion act as DNA
condensing agents, reducing its effective persistence length.
5. The confined adenovirus genome, in spite of having part
of its charges neutralized by proteins, induces a significant
internal pressure, that with some theoretical models we es-
timate at ∼30 atmospheres considering that the confined
viral chromatin behaves as a compact polymer with an ef-
fective persistence length of 240±40 nm.
6. From hexon displacement experiments in wt and empty
particles, we can estimate hexon binding energy (∼1.1·103
kBT) and from that an overestimated pressure value (∼1.6·102
atm).
131
6. General conclusions
7. We notice that the measurements presented a larger rigidity
than the ones previously reported for both wt and ts1. This
difference is related to the particle integrity.
• Fluorescence tracking of genome release during mechan-
ical uncoating of single viruses
1. By combining AFM and fluorescence microscopy based on
total internal reflection (TIRFM), we presented a method
that enables triggering and detecting adenovirus genome
release. By mechanically disrupting the virus capsid in the
presence of a DNA binding fluorophore (YOYO-1) we can
track its genome accessibility to the medium at single par-
ticle level.
2. The core of the wild type adenovirus expands more and has
better accessibility to the fluorescent dye than the ts1 core,
which corroborates a loosening of its architecture upon mat-
uration.
3. By inducing mechanical fatigue disassembly of the cap-
sid, we observed that the genome in pentonless particles
is mostly not accessible until total capsid disruption, sug-
gesting that the genome is protected in cytosol of the cell
despite the missing pentons.
We can conclude that the adenovirus core rearrangement during
maturation has a large contribution in viral mechanics. This structural
change switches adenovirus from a stable to a metastable and brittle
state that enables and cooperates with other factors to facilitate the
beginning of the stepwise disassembly in the cell, enabling its escape
from the endosome. The uncondensed genome of the mature virus
is, although partially exposed to small organic probes, protected until
it reaches the nuclear pore where it is able to diffuse out from the
disrupted capsid for successful infection.
132
Conclusiones generales
En esta tesis se ha utilizado microscop´ıa de fuerzas ato´micas para
caracterizar diferentes estados de ensamblaje de adenovirus humano
en condiciones fisiolo´gicas: el virio´n maduro e infeccioso, y el mutante
ts1 que produce part´ıculas inmaduras no infectivas.
• Caracterizacio´n de adenovirus humano con AFM
1. Hemos observado que las part´ıculas de adenovirus se ad-
hieren firmemente a la mica en presencia de iones divalentes
en el medio. Se adsorben en la orientacio´n de simetr´ıa 3,
sin modificacio´n apreciable en su estructura.
2. El modo Jumping Plus ha permitido la adquisicio´n de ima´genes
en l´ıquidos, minimizando el dan˜o de la muestra y llegando
a resolver estructuras intracapsome´ricas.
3. Las propiedades meca´nicas de adenovirus humano no se
correlacionan con la estabilidad te´rmica o qu´ımica. La
ca´pside madura de adenovirus es ma´s fra´gil y r´ıgida en
comparacio´n con la part´ıcula inmadura, presentando unas
constantes ela´sticas de 0.46 N/m y 0.38 N/m, y fuerzas de
rotura de 3.3 nN y 2.3 nN, respectivamente.
• Monitorizacio´n del desensamblaje del adenovirus hu-
mano mediante fatiga meca´nica
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1. Aprovechando el modo de medida Jumping Plus, presen-
tamos un me´todo para cuantificar la fatiga meca´nica de
part´ıculas virales individuales. El me´todo permite aplicar
fuerzas muy precisas y controladas, al mismo tiempo que se
adquieren ima´genes de la muestra. Aplicando fuerzas (100
pN) por debajo de la fuerza de rotura de la ca´pside (nN), se
provoca fatiga meca´nica de la part´ıcula v´ırica. Este me´todo
permite monitorizar en tiempo real el desensamblaje se-
cuencial de un virus a nivel individual.
2. La evolucio´n de la altura permite cuantificar la integridad
de la ca´pside. Se ha demostrado que las alturas finales para
las part´ıculas maduras alcanzan valores ma´s bajos que para
las inmaduras, indicando que en estas u´ltimas el genoma
permanece condensado debido a la presencia de precursores
de las prote´ınas unidas al ADN.
3. El me´todo es lo suficientemente preciso como para revelar
la estabilidad de los pentones, que se correlaciona con los
resultados de te´cnicas en masa (calorimetr´ıa). La probabil-
idad de pe´rdida de un pento´n en la toma de una imagen es
1.85 veces mayor para la part´ıcula madura que para la ts1,
mostrando que dichos capso´meros son ma´s estables en el
virus inmaduro. Adema´s, los resultados muestran que los
pentones se liberan secuencialmente.
4. El desensamblaje de la ca´pside proteica para las dos vari-
antes virales analizadas es diferente. La ca´pside del virus
maduro se destruye de forma cooperativa a partir de la va-
cante de un pento´n, mientras que en el virus inmaduro se
producen grietas entre capso´meros que se alargan siguiendo
las aristas del icosaedro a partir de ve´rtices contiguos des-
ocupados. Los patrones de desensamblaje reportados por
fatiga meca´nica del virus son similares a los causados por
sen˜ales celulares in vivo.
5. La resistencia a la fatiga de las part´ıculas v´ıricas dismin-
uye a medida que se aumenta la fuerza aplicada en los ex-
perimentos. Se ha obtenido por primera vez una aproxi-
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macio´n de una curva S-N de un material biolo´gico a nivel
de part´ıcula individual.
• El ana´lisis de las propiedades meca´nicas de la cromatina
viral revela la presurizacio´n del adenovirus humano
1. Mediante el desensamblaje controlado de la ca´pside v´ırica,
se ha conseguido acceder a la cromatina viral y propor-
cionar un ana´lisis experimental directo de las propiedades
meca´nicas del condensado de prote´ına y ADN. La descom-
pactacio´n del genoma del adenovirus durante la maduracio´n
se ha cuantificado con la medida de la rigidez mediante el
mo´dulo de Young (Ets1 = 1.6 MPa > Ewt = 0.34 MPa).
2. Las propiedades meca´nicas de las part´ıculas dependen en
gran medida del estado de condensacio´n del genoma. Las
ca´psides vac´ıas son ma´s ela´sticas (0.41 N/m) que las part´ıculas
inmaduras ts1 (0.49 N/m), las cuales a su vez son ma´s
ela´sticas que las part´ıculas maduras (0.56 N/m).
3. Los ensayos en presencia de agentes condensadores de ADN
han mostrado que en el virus maduro recupera las propie-
dades meca´nicas de la part´ıcula inmadura. Esto indica que
existe una repulsio´n electrosta´tica entre hebras del genoma.
4. El contraste entre la rigidez meca´nica de la ca´pside y el
minicromosoma sugieren que la distensio´n de la cromatina
viral durante la maduracio´n presuriza las part´ıculas de ade-
novirus. Las prote´ınas precursoras unidas al genoma en la
part´ıcula inmadura, o la espermidina en el virus maduro,
actu´an como agentes condensadores de ADN, reduciendo
su longitud de persistencia efectiva.
5. El genoma del adenovirus confinado en la part´ıcula, a pe-
sar de tener parte de sus cargas neutralizadas por prote´ınas,
produce una presio´n interna considerable, que con ayuda de
modelos teo´ricos se estima en∼30 atmo´sferas, considerando
que la cromatina viral se comporta como un pol´ımero com-
pacto con una longitud de persistencia eficaz de ∼240 nm.
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6. A partir de experimentos de desplazamiento de hexones en
las part´ıculas maduras y vac´ıas, se ha estimado la energ´ıa
de enlace del hexo´n (∼1.1·103 kBT) y a partir de e´sta, un
valor de presio´n sobreestimada (∼1.6·102 atm).
7. Se observo´ que las medidas de rigidez obtenidas en esta
parte del trabajo eran mayores que los resultados previos
tanto para el virus silvestre como para ts1. Se ha de-
mostrado que esta diferencia se relaciona con la integridad
estructural de las part´ıculas.
• Seguimiento de la salida del genoma viral por combi-
nacio´n de disrupcio´n meca´nica de virus individuales y
microscop´ıa de fluorescencia
1. La combinacio´n de AFM y microscop´ıa de fluorescencia
basada en la reflexio´n interna total (TIRFM), nos per-
mite provocar y observar simulta´neamente la liberacio´n del
genoma del adenovirus. Induciendo meca´nicamente el de-
sensamblaje de la ca´pside del virus en presencia de un
fluoro´foro que se une al ADN (YOYO-1), se ha realizado
un seguimiento de la accesibilidad genoma al medio a nivel
de part´ıcula individual.
2. El minicromosoma del adenovirus maduro se expande ma´s y
tiene mejor accesibilidad al fuoro´foro que el del ts1, corrob-
orando la distensio´n de su arquitectura en la maduracio´n.
3. Induciendo el desensamblaje de un virus por fatiga meca´nica,
se ha observado que el genoma en part´ıculas con pentones
vacantes no es del todo accesible al medio hasta el desen-
samblaje total de la ca´pside, sugiriendo que el genoma esta´
parcialmente protegido en el citosol de la ce´lula a pesar de
los pentones ausentes.
Podemos concluir que la reordenacio´n del minicromosoma durante
la maduracio´n del adenovirus se refleja en las propiedades meca´nicas
de la part´ıcula viral. Este cambio estructural del adenovirus de un
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estado estable a uno metaestable y quebradizo, facilita el inicio del de-
sensamblaje secuencial en la ce´lula, permitiendo as´ı su escape del endo-
soma. Aunque el minicromosoma menos condensado del virus maduro
se encuentra parcialmente expuesto a pequen˜as mole´culas orga´nicas,
esta´ protegido hasta que alcanza el poro nuclear donde es capaz de di-
fundir fuera de la ca´pside desensamblada para una infeccio´n exitosa.
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AppendixA
MATLAB programs
Some MATLAB programs have been implemented to carry out data
analysis of this thesis. The programs and codes can be found here:
https://www.dropbox.com/s/9lmhgmn7prse5mm/MATLAB_programs.
rar?dl=0 in a compressed file, and can be used by any user upon re-
quest, bearing in mind that they are provided “as is”, without further
support.
A.1 Indentation analysis
The program presented here computes the indentation curve from the
force curve on the substrate (which provides the sensitivity) and the
force curve of the sample (sections 2.1.5 and 3.3.1). Figure A.1 shows
a screenshot of the program with an example. The user can browse
and load the raw data curves that will be displayed on the panels. The
indentation is computed automatically when the sensitivity is previ-
ously calculated by a linear regression analysis between two points on
the substrate curve, the cantilever stiffness is entered and the curve
on the sample is loaded.
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A. MATLAB programs
Figure A.1: Screenshot of the MATLAB program for inden-
tation analysis.
Figure A.2: Screenshot of the output text file of the MAT-
LAB program for indentation analysis.
The user can set the zero force level of the indentation by selecting
two points of the non-contact region of the curve. Then, a linear
regression to obtain the stiffness can be computed by delimiting the
region of the curve to fit by selecting two points on the graph. The
140
A.2 Height evolution analysis
breaking force can be obtained by manually selecting the point on the
graph according to the user’s criterion. Finally, a text file can be saved
with the input and the output data (figure A.2).
A.2 Height evolution analysis
Figure A.3: Screenshot of the MATLAB program for height
evolution analysis.
This program (figure A.3) helps to analyze the height evolution of
a particle resulting in the same graph as explained in section 4.3.1.3.
The frames have to be aligned and saved in a session with WSxM,71
that creates a folder with .stp files. Load all the files together to
analyze, by selecting from the latest to the first. The particle will
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be plotted on the panel where the user can select a point to measure
the height evolution that automatically will be plotted in the panel at
the bottom. An influence radius can be selected to obtain an average
height evolution of several points of the particle. For high samples
such as adenovirus, the user can exclude heights lower than a value
(using the level for the contour (nm)) to estimate how many times at
each image the AFM tip pushes the particle (number of cycles). A
text file can be saved with the input files and the output data (figure
A.4).
Figure A.4: Screenshot of the output text file of the MAT-
LAB program for height evolution analysis.
A.3 Non-linear indentation analysis
This program (figure A.5) was implemented to compute the parti-
cle stiffness from non-linear force curves and small spherical samples,
based on the work by Dimitriadis et al.164 (section 5.3.4). The pro-
gram computes the deflection vs. indentation (w) and sets the null
force to zero similarly to the code of appendix A.1. User must select
a point in the non-contact region (initial point button) close to the
contact point might be (since in this kind of curves it is not easy to
discern), and set a percentage of points of the curve so that the contact
point region is enclosed by the data for the fitting. Enter the parame-
ters necessary for fitting: Poisson’s ratio, type of attachment selection,
tip radius, height of the sample, spring constant of the cantilever, and
initial, lower and upper limit values for the deflection, indentation w
and the Young’s Modulus.
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A.3 Non-linear indentation analysis
Figure A.5: Screenshot of the MATLAB program for non-
linear indentation analysis.
The program fits the curve of Hertz and Dimitriadis models (blue
and red in figure A.5, respectively). Results are shown in the same
code color as in the graph panel. Also new initial, lower and upper
limit values are computed from the parameters of the fitting, in case
the user wants to iteratively improve the fit. A text file can be saved
with the input and output data (figure A.6).
Figure A.6: Screenshot of the output text file of the MAT-
LAB program for non-linear indentation analysis.
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A.4 Work-indentation analysis
Figure A.7: Screenshot of the MATLAB program for work-
indentation analysis.
This program was developed to compute the supplied energy re-
quired to remove a hexon from indentation curves on the viral particles
(section 5.7). The program (figure A.7) is the same as the one pre-
sented in appendix A.1. An extra panel allows selecting two points to
determine the region of the curve for the integration to compute the
supplied work (only on the forward curve). The user can enter some
parameters such as temperature and number of capsomers neighboring
the broken one, to compute the capsomer-capsomer interaction energy.
A text file can be saved with the input and output data (figure A.8).
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A.4 Work-indentation analysis
Figure A.8: Screenshot of the output text file of the MAT-
LAB program for work-indentation analysis.
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